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The production of nanofillers from plastic wastes plays a significant role as an alternative to 
plastic waste management. Plastic waste is reported to be a threat to the ecosystem, hence the 
urgency to reduce it. Nanofillers were developed by catalytic chemical vapor decomposition 
(CVD) technique, using plastic waste high-density polyethylene (HDPE) and polypropylene 
(PP) as a carbon source in the presence of Fe-Mn/Al2O3 catalyst. Fe-Mn/Al2O3 catalyst was 
prepared by sol-gel method and characterized by XRD, SEM-EDS and TEM. A single-stage 
catalytic process was used to allow a considerable yield at a low cost. A mixture of Ar/H2 gas 
was used as a reducing agent and N2 to activate pyrolysis gases and to also supply inert 
conditions. The Fe-Mn/Al2O3 catalyst was reduced at a temperature of 700℃ and the plastic 
wastes were introduced at the same temperature to decompose at the surface of the catalyst to 
form nanofillers. Different types of characterization techniques were utilized to study the 
properties of the synthesized nanofillers. The TEM images showed bundles of MWCNTs with 
lattice fringes and diameters that range between 9.5 to 19.42 nm. After purification, the 
diameters of MWCNTs were enhanced and ranges between 19 and 30 nm. SEM images showed 
the uniformity of the catalyst and its amorphous morphology. It also revealed the porosity of 
the inner surface of the catalyst and the composition of the catalyst with manganese and iron 
dominating. Spiral tubes with rectangular shape were observed for HDPE while PP had 
intertwined strings and some shreds for the hybrid sample. The XRD results showed crystalline 
structure through sharp peaks and confirmed the formation of CNTs by detecting the (002) 
peak. After purification, it showed purity by the disappearing of the (002) peak. Raman 
spectrum showed average purity of the material as the intensive ratio was 0.85 with the 1% 
error to that of commercial CNTs. Thermal stability was studied using TGA-DSC and it 
showed that the MWCNTs produced from plastic wastes were resistant to heat but not as much 
as the commercial CNTs. Based on the analysis of the current study, it was concluded that 
plastic wastes (bags and yoghurt, margarine and ice cream containers) can be used as the carbon 
source to develop nanofillers, to be precise MWCNTs synthesized from HDPE exhibited closer 
thermal stability as with the commercial CNTs. Therefore, this work could be a profitable and 
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1.1 General Background 
 
The City of Johannesburg (CoJ) also known as the City of Gold is the metropolitan 
municipality in South Africa’s smallest Gauteng Province, which is located in the country’s 
north-central part [1]. Johannesburg (JHB) is the most famous and notorious cities in South 
Africa (SA); its popularity stems from being the gold rich province and one of the most diverse 
cities in Africa [2]. As early as the 1900s, JHB lured investors, chancers, and workers with its 
promising opportunities as it began as a gold mining town; to this day, JHB steadily attracts 
tourists, students, scholars and people searching for greener pastures. The aforementioned 
groups are motivated largely by economic prospects the CoJ affords, urban attractions, 
historical sites and its diversified culture [2, 3]. Gauteng Province is the home to five and half 
million of residents and more than one-third of the population dwells in the CoJ however, the 
population growth is associated with in-migration [3]. The province is not only the economic 
hub to South Africa but it extends to Sub-Saharan Africa [1]. The CoJ as wealthy as it is 
economically, it is, however, faced with serious threats of environmental degradation. These 
challenges are associated with growing population, densification, urbanization sprawling, 
informal marketing and waste management issues [4]. 
 
The CoJ is not immune from Municipal Solid Waste (MSW) management issues like the rest 
of SA cities. According to the Department of Environmental Affairs (DEA), MSW contains a 
considerable quantity of PW [5]. Europe Plastic published a report on global plastic usage, 
which revealed an increase of 4% roughly with 322 million tonnes of annual production [6]. 
Of the world plastic statistics, SA is consuming 1.5 million tons and only recycles one million 
one hundred eighty-five thousand tonnes while approximately 315000 tonnes are landfilled and 
incinerated, and 13 million tons of PW are found in oceans world wide [5, 7, 8]. South Africa 
holds the11th position for improper sorting of MSW and this statement is supported by the 
utilization of traditional waste management methods, which use incineration and landfillings 






Organization [11] and other non-profit organizations (NGOs) due to their negative impact on 
the environment [12-14].  
 
Moreover, there are costs associated with rehabilitating landfilling spaces and the penalty fees 
related to environmental pollution [15]. This study looked at the innovative and 
environmentally friendly technique that can be utilized to mitigate plastic waste (PW) pollution 
by upcycling this waste into valuable material. 
 
1.2 Problem Statement 
 
Human is responsible for the great environmental crisis through their activities as they are 
attempting to improve themselves [16]. These incorporate different mechanical exercises such 
as nuclear power generation, mining, plastic production, manufacturing processes, service 
industries, commercial centres and investigation of many new methods[17]. These activities, 
lead to  global warming, air pollution and a degradation of global ecosystem reproduction. 
Human remains the main source of waste production, which is desposed off repulsively, 
consequently municipality waste management is not a new issue [18], but the only new thing 
is the rate at which waste is generated and the types of wastes generated. Moreover,in what has 
changed are human principles, awareness, and understanding of what should be done to address 
the Municipality Solid Waste (MSW) problem [18, 19]. Plastic waste (PW) is presumable  the 
main component of household waste due to the increasing demand and high usage of plastic 
materials and their composite material [7, 17] 
 
Plastic has turned out to be an inseparable and fundamental part of the life of people in the 21st 
century [20]. Plastic has valuable properties such as low density, inexpensive, good mechanical 
properties and user- a friendly design that make it preferred for other materials. It has found 
functions in packaging, automotive, medical, communications, retail and other household 
applications[21]. Therefore, the very useful properties are causing plastic to severely harm the 
ecosystem [16]. Non profit organizations and plastic manufacturers have joined hands with 
government around the globe encouraging civilians to recycle,reuse in order to reduce plastic 
wastes, yet only a few recyclable PW make it to recycling centres and the remainder ends up 
in landfill sites across the globe or go through incineration [22]. Plastic waste generation has 






incineration which are not environmentally sustainable [12, 14, 23]. Several other challenges 
are facing plastic waste management and one of them is the non-availability of landfill sites for 
the disposal of the wastes [24]. Furthermore, there is an increasing acknowledgement that PW 
is central polluter of the environment and it also threatening to human health [25]. Hence the 
need for an alternative technique that can be used to combat the PW management issue with 
the consideration of other factors such as environmental friendliness, economical and 
sustainability. Studies have shown that nanofillers such as carbon nanotubes (CNT), carbon 
nanomaterial, nanofibers, nanocomposites etc. can be obtained from PW and can serve as 
reinforcement in different materials that demonstrate characteristics in industrial 
applications[26, 27]. Therefore, the development of nanofillers from PW through 
nanotechnology is one of the mitigation plans proposed and explored in this study to address 
PW related challenges. 
 
1.3 Motivation of the Study 
 
This research is motivated by social, economic, political and environmental changes in South 
Africa and in Africa as a continent. South Africa has seen social injustice, xenophobia, racism, 
gender-based violence and discrimination among women and children. Most of these factors 
are associated with poverty because as they say, “hunger is a lethal weapon for war”. Hence 
the number of xenophobic attacks, high crime rate, domestic violence etc., civilians are 
frustrated and have lost hope in authorities. Political instabilities and corruption are also putting 
much pressure by weakening the economy in doing so frightening investors. When investors 
do not have confidence, most industries close resulting in a high unemployment rate. All these 
factors boil down to poverty since the country’s economy is largely dependent on the mining 
sector. Hence the need to diversify the economy to reduce the unemployment rate and address 
poverty. 
For instance, as most South Africans migrate from eight provinces of South Africa to the ninth 
province (City of Johannesburg), they solely dependent on mining and this sector could not 
employ all unemployed South Africans. Transformation of the economy by formalizing and 
legalizing the waste industry with a focus on plastic waste recycling can payoff if implemented 
properly. This will be hitting two birds with one stone as it will be relieving off the economic 
pressure, employment opportunities and most importantly preserving the environment. 






Waste Sector (IWS), which include individual waste pickers and amongst them are PW 
recyclers.The influx of people from rural areas to the urban centres has equally resulted in a 
large amount of municipal solid waste generation in which the bulk of it is plastic wastes. These 
wastes can be upcycled and resources like nanofillers can be recovered. The current methods 
of PW management result in pollution of lands and the underground water. Furthermore, plastic 
wastes litter around the cities and block sewerage during the rainy season and eventually result 
in sewage spillage and flooding. Occasionally, these wastes are blown away by the wind from 
the disposal sites to the sea during rainfall and when marine animals mistakenly ingest them, it 
leads to suffocation. All these challenges have inspired researchers to begin to find a lasting 
solution to these issues. It has been discovered that the development of nanofillers from plastic 
wastes is the way out for reinforcement and water treatment. This idea would lead to 
sustainability in the most sectors such as construction, health, water treatment, environment 
etc. and several other benefits accrued which include waste minimization, green city, an 
extension of life-span of landfill sites, creation of downstream jobs for the unemployed South 
Africans. It will also result in the reduction in the costs and time of maintenance of pavement 
roads and reduction of the amount of carbon dioxide (CO2) emission in the atmosphere.  
 
1.4 Project Objectives 
 
The main aim of this study was to develop nanofillers from domestic plastic waste (high density 
polyethylene (HDPE) and polypropylene (PP) for reinforcement, which include 
characterization and comparison of the product with a commercial product. 
 
The aim was accomplished through the following objectives: 
 
To synthesize bimetallic catalyst combination of Fe-Mn on Al2O3 support and characterize it 
utilizing  
✓ Transmission Electron Microscopy (TEM) [28] to determine the average particle size, 
Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray (SEM-EDX) for 







✓ To develop nanofillers from untreated domestic PW (HDPE, PP & mixture of the two) 
utilizing a single-stage chemical vapour deposition (CVD) technique in the presence of 
Fe-Mn/Al2O3 catalyst 
✓ To evaluate the thermal properties of the nanofillers using Thermogravimetric analyser 
(TGA) and Differential Scanning Calorimetry (DSC). 
✓ To characterize the nanofillers using SEM-EDX, TEM, XRD and Raman for purity. 
✓ To purify the nanofillers using HCl and compare the properties of the produced 
nanofillers against the commercial nanofillers. 
 
1.5 Research Question 
 
• Can the combination of Fe-Mn/Al2O3 be suitable for the production of nanofillers? 
• Is it possible to produce nanofillers from untreated domestic plastic waste (plastic bags 
and ice cream containers)? 
• What are the properties and type of developed nanofillers? 
• Could there be differences in properties of the produced nanofillers and the commercial 
product? 
 
1.6 Contribution to Knowledge 
 
The research study on the development of nanofillers from untreated domestic plastic waste is 
projected to: 
 
1. Reduce plastic waste pollution from the ecosystem whilst keeping the streets clean and 
enabling the clean-up in landfill facilities. 
2. Provide economic breather by balancing and diversifying if implemented. 
3. Afford employment opportunities in all levels i.e. starting with the unskilled, skilled 
and academia. 
4. Provide relief on costs associated with a plastic bag such as value-added tax (VAT) and 
vending price as they will in demand considering that they are the raw material. 







1.7 Scope of the Project 
 
The sol-gel method was used for the synthesis of iron (III) nitrate and manganese [29] nitrate 
catalyst supported on aluminium oxide (Fe-Mn/Al2O3). The catalyst was further used to 
conduct the study. The synthesized Fe-Mn/Al2O3 was used with PP and PE as carbon sources 
and argon/hydrogen gas as a reducing agent while nitrogen was used for inert conditions after 
the exercise. The synthesis of nanofillers was carried out in a horizontal chemical vapour 
deposition (CVD) reactor. Various characterization techniques were utilized to study the 
properties of the catalyst and to identify the type of nanofiller produced. TEM was used to 
determine the average particle size of the Fe-Mn/Al2O3 catalyst and pyrolysis product. The 
metal species and crystal structure for both fresh catalyst and pyrolysis product samples were 
identified using XRD. EDX combined with SEM was used to examine the surface morphology 
and composition of the fresh catalyst and the pyrolysis products only went through SEM for 
surface morphology. The rate of decomposition for the pyrolysis product was carried out using 
DSC-TGA. The pyrolysis product was purified using dilute hydrochloric acid to read off metal 
traces. The purified product was characterized using the techniques discussed above to enable 
comparison of its properties with those of commercial CNTs. 
 
1.8 Structure of the Dissertation 
 
The dissertation structure advances as follows: 
 
Chapter One: Introduction 
The study commences with the detailed background of the CoJ and the root cause of its plastic 
waste problems followed by the problem statement and motivation of the study, research 
questions, primary aim and objectives of the research and contribution of the research to 
knowledge. 
 
Chapter Two: Literature Review 
This part of the study is solely meant to provide knowledge on what is available, what has been 








Chapter Three: Materials and Methods 
This section covers the materials and instruments employed for preparation, analysis and 
characterization on the samples reported. Also stating all the procedures followed to achieve 
certain stages. 
 
Chapter Four: Results and Discussion 
The results section summarizes the experimental data obtained, which is represented through 
column charts, micrographs, tables and graphs while the discussion is the interpretation of the 
graphs, micrographs and charts. 
 
Chapter Five: Conclusion and Recommendations 
Conclusion is the recapitulation of the dissertation, citing major findings, assumptions made, 
outcomes of the proposed method and its practicability based on the results obtained. 
Recommendation is looking at further studies, what can be changed to improve the procedure 
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 CHAPTER TWO 
2.0 LITERATURE REVIEW 
2.1 Plastic Overview 
The word plastic is derived from the Greek word plastikos, which simply means that when 
subjected to heat it can be moulded into various forms [30]. Plastics are high molecular weight 
polymers with long chains of carbon and hydrogen only as demonstrated by Figure 2.1. In some 
instances, oxygen, nitrogen, sulphur, and chlorine are added to achieve different forms of 
plastics [31]. 
 
Figure 2.1: Typical Polypropylene (PP) Structural formula 
 
Plastics are obtained by the process of polymerization in which organic materials (monomers) 
are exposed to excessive temperatures with or without the addition of catalysts [10]. The 
fundamental raw materials that are used during the manufacturing of plastics are nearly if not 
completely extracted from fossil fuel. These fossil fuels include coal, gas and soil.basic source 
[32]. The polymerization process of plastics is enhanced by the addition of additives, which 
are meant to enhance plastic properties such as durability, flexibility etc. Also, the performance 
of polymers is improved by additives, whilst reducing processing costs. [33]. The maximum 
quantity of additives added during the polymerization process is 20% by total weight of a 
polymer [33]. The regularly used additives during polymerization of plastics are antistatic, 
binding, coupling agents, fillers, flame retardants, lubricants, pigments, plasticizers and 
stabilizers, etc. [10]. Owing to its exceptional properties, plastics are utilized in several 
industries which include packaging industry, agriculture, automotive, building and 
construction, electrical and electronics, [34]. The rate at which plastic is being produced has 
magnicificantly elevated over the last 60 years [35]. Moreover, a rise in polymer recognition 






















benefits it offers as opposed to other conventional materials such as steel, metals, cast iron, 
aluminium and copper. The key properties of plastic are as mentioned below : [34, 35]. 
• Cost-effectiveness – plastics are affordable 
• Durability – they are rigid and can last for centuries 
• Flexible – they are user-friendly and can be designed to take any desired form 
• Good insulators – plastic do not conduct electricity 
• Lightweight – plastics are transportable hence utilized for fast food packaging, storage, 
moving goods storage, etc. 
• Resistant – plastics can endure severe weather conditions and they are used as storage 
as they are resistant to many acids. 
 
2.1.1  Classification of Plastics 
Plastics are categorized as natural, semi-synthetic, and synthetic materials [36]. Natural 
polymers are those type of plastics that occurs naturally and they can be moulded or shaped by 
heat. e.g. Gnanawe [37] describes natural plastics as the plastics that can be utilized in everyday 
life. Natural plastics amongst others, amber. When the properties of naturally occurring 
materials are enhanced by adding additives, semi-synthetic plastics are obtained. Therefore 
cellulose acetate is the known example semi-synthetic plastics. Synthetic plastics are resulting 
from cracking carbon-based materials such as coal, crude oil, and gas to alter the structure of 
the material [38]. Semi synthetic and synthetic plastics can be further subdivided into other two 
categories that is, thermoplastics and thermosetting dependent on their behaviour when 

















Table 2.1: Grouping of plastics according to their relevant categories [7] 
Thermoplastics Thermosets 
Thermoplastics are the plastics that do not undergo 
a chemical modification when heated meaning they 
can be moulded repeatedly 
Thermosets are the irreversible type 
when heated it turns out hard and it 
cannot be reshaped 
        
Polyethylene (PE) Polycarbonate (PC) Polyurethane 
(PUR) 
Phenolic resins 





Polyvinyl chloride (PVC) Thermoplastic 
elastomers (TPE) 
Epoxy resins   
Polyethyle Terephthalate 
(PET) 
Polyrylsulfone (PSU) Melamine resin   
Polystyrene (PS) Fluoropolymers Vinyl ester   
Acrylonitrile butadiene 
styrene (ABS) 
Polyether ether Ketone 
(PEEK) 








Polyamides (PA) Polybutylene 
terephthalate (PBT) 
Urea-formaldehyde   
    Phenolic resin   
 
2.1.2  Plastic Facts  
Plastic is considered as the world success story owing to its properties. On the contrary, plastic 
waste is the global worst nightmare because it pollutes the environment and threatens civilians 
population [39]. In the year 1950, plastics production was 1.5 million tonnes (mil ton) and in 
2015 the production hiked to 322 mil ton. This production, by 2014 estimates, has increased 
global plastic consumption by approximately 3.4%. In addition, the cumulative annual growth 
rate (CAGR) from 1950 to 2015 was approximately 8,6%. 
 
According to the South African Department of Environmental Affairs (DEA), the use of plastic 






of fossil fuels in plastic manufacturing has increased from 4 to 8% between the year 2014 and 
2015 [5]. From 1.5 mil tons that are consumed in SA only 21% goes to recycling. The 
remainder is redirected to the landfilling and incineration [7]. The disposal of plastic wastes is 
a huge challenge in most countries with developing economy and SA is no exception. Therefore 
SA,is ranked eleventh for the inappropriate classification of plastic waste, of which more than 
56% is disposed [5]. An estimation of 2 kg of household waste was found to be generated daily 
in SA, equivalent to 544,000 kg of waste per day. As a result, SA ranks 38th in the world and 
15th which is the highest level of  waste generation in the world [40]. 
 
2.1.3  Plastic Pollution 
Municipal solid waste can be a curse when inappropriately managed and a blessing when there 
is a proper plan and strategy in place to manage it [41]. Municipal authorities worldwide are 
facing challenges that comes with poor planning on MSW management. This MSW issue is a 
threat to the environment particularly when managed by disposing to the landfill and 
incineration. [14]. Moreover, unplanned urbanization is accelerating the MSW problem. [42]. 
Consequently, most municipalities are not coping with service delivery that is garbage 
collection and dumping it. Sustainable sources of MSW are required and should be included in 
the development phase of urban expansion. [19]. Mwanza et al [43] suggested that MSW can 
be utilized as a means to sustain a living for the underprivileged and further explains that the 
aforesaid idea has been implemented in some developing countries. Therefore, plastic recycling 
can benefit poor communities as it offers an opportunity for developing economies to diversify 
their economy [43]. Those plastics are composed of polyethylene (PE), polystyrene (PS), 
polyethylene terephthalate (PET), Low-Density Polyethylene (LDPE), High-Density 
Polyethylene (HDPE)[34]. 
 
Plastic pollution is a serious global problem, as it affects not only people, but also the 
environment as a whole, especially the marine animals. Approximately 580,000 pieces per km2 
of plastic debris are disposed-off in the ocean worldwide [44]. However, most plastic producers 
and other industries globally are embracing cyclic economy which meant to reduce plastic 
waste and save the ecosystem [45]. Instead, its production is increasing and implies that plastic 
debris in the oceans global is directly proportional to the amount of plastic produced worldwide 
[44]. Furthermore, plastic pollution directly threatens wildlife and indirectly threatens human 






marine animals and at times get consumed killing them due to light and tough nature of plastic 
[16, 44]. As a result, marine creatures find themselves consuming polluted water and plastics 
and these animals are in turn ingested by the humans causing them to fall prey to the same 
poison that affects the creatures [46]. Plastic pollution also affects marine reproduction, its 
reproductive level  reduces the population with the an increase in plastic waste. The high risk 
of plastic to the marine world has been ignored for decades and the brutality of this situation 
has only been understood recently [16]. In general, it is only in recent times that governments 
and various organizations, including plastic manufacturers are beginning  to take the plastic 
pollution issue seriously, as marine animals are declining due to ingestion of plastic throughout 
the worldwide [16, 47]. Plastic pollution was first attributed to illegal littering of plastics as 
plastic has a tendency to settle wherever it has been dumped and it can remain there 
contaminating the environment where it has been dumped for centuries because it has indefinite 
lifespan [46, 48]. 
 
Other sources of plastic pollution are marine transports such as ships as people tend to throw 
waste overboard [46]. The plastics that are thrown overboard, blown by wind, dumped in the 
oceans, break down after sometime resulting tiny pieces, which are called microplastics. 
Microplastics are endangering the coral reefs and marine animals which end up eaten as food 
hence the likelihood to result in disease outbreaks [49] To take a closer look in SA, negligence 
is a big contributor to plastic pollution in oceans. On the 18th of May 2016 several 
KwaZulu/Natal (KZN) beaches were reported to be closed temporarily due to plastic waste that 
was dumped along the coast and no one was held responsible [50]. Bashir [46], reported that 
approximately 3500 pieces of plastics /km2 were found in the South African Garden Route. It 
was reported that plastic pollution increase was estimated at 190% between 1985 and 1989. 
[46] In a subsequent research paper by Ryan et al, it has been reported that half of the 
15  million tons consumed in SA is from the Coastal Cities of SA while half is from 
Johannesburg JHB [51]. 
 
Moreover, microplastics are declared hazardous in the case of landing in food chain as they are 
known to contain a notable quantity of persistent organic pollutants (POPs) hence a potential 
threat to human [52]. Several efforts have been done for microplastics to be deemed as POPs 
due to their prevalent and stubborn nature. However, there is no sufficient scientific evidence 






studies on environmental pollution indicates that microplastics are an evolving cause of soil 
pollution. It has been revealed that microplastics effects in soils, sediments and freshwater 
could have an undying consequences [54] This will inturn affect the terrestrial eco-system 
globally causing negative effects on organisms, which include soil-dwelling invertebrates and 
fungi required for ecosystem reproduction [55] 
 
2.3  Plastic Waste Management 
2.3.1  An Overview 
Plastic waste management is a major challenge in various municipalities in SA and around the 
world [19]. Unplanned urbanization and high population growth contribute to many 
environmental problems [56]. Furthermore, it leads to congestion around the streets and 
unlawful dumping sites. On the other hand, plastic waste (PW) lying around street corners is 
collected and dumbed in different landfilling space and some end up in the marine environment 
[32]. The challenge with plastic it does not decompose when exposed to severe weather 
conditions instead it breaks into smaller pieces of plastic rubbles and the polymer itself may 
take years to degrade. This will, in turn, result in plastic pilling in landfilling sites while plastic 
rubbles bury themselves in the natural environment causing waste management problems and 
environmental deterioration [32]. In general, waste plastics are recovered when they are 
redirected to the landfilling space or littered [32]. Global organizations and governments are 
confronted with the mounting pressure of finding other possible methods to address the waste 
management problems [18]. Currently, advanced, fresh and original solutions are needed to 
deal with the PWM problem. These methods will integrate and improve  the traditional methods 
[22].  
 
2.3.2  Plastic Recycling Symbols 
The Plastic Industry Association [57] formerly known as the Society of Plastic Industry (SPI) 
is the association that established recycling codes that are utilized in naming and identifying 
plastics resin in support of recycling and separation at source. The symbol normally identifies 
the plastic resin from which the product is manufactured has been produced and explains 













2.3.3  Circular Economy 
The global citizens are shifting towards recycling and exploring other new strategies with the 
intentions of saving the environment. Circular economy is a concept that has been developed 
with aim to replace the linear take-make-consume-dispose economic model [59]. The main 
focus of the circular or cyclic economy model is to retain resources that are being utilised 
longer in the system. This will ensure that the plastic products are used until recycled they are 
completely worn out while allowing the opportunity to refurbish and remodel [49]. Circular 
economy is one of the promising strategies that could save the environment, address plastic 
littering while opening employment opportunies and improving the country’s economy [60]. 
This concept is equally appropriate for biological and technical materials. It supports 
innovation to make sure that there is continuous flow of the materials into the value circle [49]. 
The shift to circular economy is beneficiary as it solves the plastic waste problem. The key 
pillars of circular economy are based on its ability to capture the value of the material whilst 
feeding the material back to the economy.Some of the advantages that comes with shifting to 
circular economy include the following [59]: 
• The use of plastic waste as an asset 






• It supports sustainable business models 
• Creating degradable harmless options to single-use plastics. 
Circular economy is the strategy that could assist the municipalities to do away with 
incineration and landfills whilst closing the material loop. However, the are obstacles in scaling 
up the concept such as markets for secondary material [60]. This is because most manufacturing 
companies prefers virgin material as opposed to secondary material as the target market for 
virgin and secondary materials are different. Also, it requires financial funding to develop new 
tecnlogies [59]. 
 
2.3.4  Platic Wastes Management Mitigation Intervention  
The South African government has introduced several strategies to address the PWM issue, 
including policies to control pollution, retail plastics and recycling [5]. The policies are as 
follows [5]: 
 
i. The South African government implemented the National Environmental Management 
Act, NEMA No.59 of 1998 which is the Waste Management Act aimed at minimizing 
MSW especially PW.  
ii. The Integrated Pollution and Waste Management Policy of 2001 were introduced to 
fight environmental issues. This particular policy focused on preventing and 
minimizing pollution at source while remediating the environment. 
iii. The 2001 Polokwane Declaration policy that committed South Africa in obtaining a 
50% reduction of waste generated and 25% in volume of land-filled by 2012 with the 
target of zero waste plan by 2022. 
iv. Plastic Bag Regulation of 2003 which prohibits the distribution of plastic bags by any 
distributor or supplier except for those complying with the compulsory specifications 
by the Department of Environmental Affairs. 
v. National Environmental Management Act 59 of 2008, which focuses on waste 
management 
vi. In 2011 there was yet another policy which is known as the National Waste Domestic 
Collection Standard of 2011.  
vii. Introduction of National Waste Management Strategy of 2014 
viii. The National Environmental Management of 2014, which is the Waste Amendment 






ix. To ensure plastic reduction, the 2016 Pricing Strategy, S28 Notice: Paper and 
Packaging and Electronics Industry Waste Management Plan (IndWMP) was 
introduced. 
 
Recycling is regarded as a waste management strategy. The 3Rs fall under one of the 
international and national campaign aiming minimizing plastic waste. The 3Rs are easily 
explained as the reduction in use, reuse, and recycle or re-manufacturing can result in a product 
manufactured from lower raw material inputs than required. It can also reduce energy and 
material employed per product and so increased the eco-system [32]. However, the success of 
the recycling process is highly dependent on the ability to retain a certain residual level of 
material, monitoring energy use during the process and the effects of external impacts on the 
ecosystem to determine the viability of the overall recycling process [32]. 
 
 
Figure 2.4:International environmental symbol encouraging recycling, RRR [5] 
 
Figure 2.4 shows the international environmental symbol encouraging recycling, reuse and 
reduction of wastes. Presumably, the policies did not achieve good results hence more attention 






environmentally and economically. The existing conventional methods in place are 
incineration and landfilling. 
 
2.3.5 Landfill 
The way of landfilling space is discouraged because it releases toxic gases that contaminate the 
aquifer [14, 32]. This is because the plastic does not degrade; it remains in the landfills for 
decades. Moreover, there is a shortage of free landfills due to accelerated population growth, 
unplanned urbanization and industrialization [32]. The material flow for waste material that 
has been diverted to the landfilling is directly proportional to the time instead of being constant. 
One of the major negativities in landfilling is that the 3Rs are rarely used in recovering the 
material dumped [61]. This is due to societal perceptions where recycling is associated with 
poverty and dirt. Consequently, countries like the United Kingdom introduced landfill tax as a 
plan to reduce waste while manipulating recovery action plans [32] 
 
2.3.6  Incineration 
One of the most important reasons for the discouragement of incineration is the costs involved 
in the process. The process itself is costly and it is necessary for designated labour to be trained 
apart from it polluting the environment [62]. Incineration is not an option due to the emission 
of carbon dioxide (CO2) into the air, which contributes to global warming. Moreover, the 
incineration process releases fly ash as its top product while the bottom is considered slag that 
can settle for decades and contaminate soil and the aquifer [63]. One of the researchers has 
applauded the incineration process compared to landfilling as it reduces waste though others 
argued that it promotes air pollution [32, 64]. It was also indicated that energy content can be 
recovered from plastic during the incineration process[32]. Furthermore, some researchers 
argued that the available conventional methods of recycling are unsustainable especially for 
developing countries due to financial constraints [65] Many researchers proposed the 
development of nanofillers from plastic waste through nanotechnology as a sustainable 
remedial strategy to resolve the plastic waste management issue [34]. Therefore, plastic waste 
has, in turn, attracted positive attention as an accessible and cost-effective carbon source in 







2.4  Nanotechnology 
The term Nanotechnology is derived from the grouping of two words, nano, and technology. 
Nano is a Greek numerical prefix which means a billionth [67]. Nanotechnology is one of the 
most important developments in science that incoroperate expertise from various fields such as 
Physics, Biology, Medicine, Informatics, and Engineering [68]. It is an evolving technological 
field with sufficient capacity to perform important discoveries that can to solve real-life 
problems [34, 67]. 
 
Nanotechnology deals with the designing and manipulation of devices and systems of the order 
that is less than 100 nm. It is based on the concept of regulating the shape and size while 
observing property response and functionality of structures [67]. Nanotechnology emerged as 
a result of interest in the chemistry of carbon and nano materials. This includes its chemical 
and physical properties which are related to the C - C, C = C, and C ≡ C structures and their 
potential abilities. It was the realization of carbon capacity to shape all carbon-containing 
materials that encouraged more research focus in nanostructures and nano carbons [69]. These 
studies resulted in the discovery of many carbon allotropes, starting on graphite (sp2 hybridized 
carbon) and recognition of diamond (sp3 hybridized carbon) which is produced from subjecting 
sp2 carbon allotrope at extremely high temperature. These are also known as nanocarbon 
materials [70, 71]. They can be nanofillers, nanoparticles, nanocomposites  
 
2.4.1  Nanofillers 
Nanofillers are exceptional types of nanostructured materials that contain the full dimensional 
nanoscale. Nanofillers are solid materials composed of inorganic and organic materials that are 
primarily transition metals and differ from the polymer matrix in terms of composition and 
structure. Nanofillers differ according to their morphology, dimensions and the chemical used 
as reinforcement or a source [72, 73]. Nanofillers are materials which enhance the properties 
of the materials they are added to [74]. Nanofillers can be blended with the polymer at 
concentration between 1% and 10%. Different types of nanofillers; include nanocomposites 
such as nano clays, nano-oxides, carbon nanotubes (CNT) and organic nanofillers [74]. Other 
nanofiller examples include silicon dioxide (SiO2),aluminium oxide (Al2O3), graphene and 
organic montmorillonite (OMMT) [34, 75]. Nanofiller is deformity free and this factor makes 
it suitable polymer composites application [74]. The conventional filler becomes unpopular 






melt flow and processing due to its relatively high property limitation [76]. The best approach 
to recycle waste plastics is through the application of nanofillers [34]. That could be achieved 
when nanocomposite materials are developed.  
 
Nanofillers exist in various forms such as nanoparticles, starting with the zero-dimensional 
ones, two-dimensional to three-dimensional ones such as nanocomposites, one-dimensional 
nanofillers which include nanofibers, nanocarbons (fullerene is a zero dimensional, graphene 
is a two dimensional and carbon nanotubes are a one dimensional) materials [73, 77]. Recent 
studies have shown that nanofillers can be synthesized directly from plastic waste in the 
presence of a metallic catalyst using a muffle furnace CVD method, laser ablation, etc. [78]. 
The catalyst can be trimetallic, bimetallic depending on the desired product, experimental 
conditions and metallic conditions [57, 79]. Elsewhere, nanofillers are incorporated in as fillers 
to improve properties of the material they are added in. They can be inorganic or organic fillers 
to yield nanocomposites. 
 
2.4.2 Classification of nanofillers  
2.4.2.1 Nanoparticles 
Nanoparticles are nanofillers that contain all dimensions at the nanoscale and the dimensions 
< 100 nm [73]. Nanoparticles are perceived as means to modifying several phenomena and 
procedures or as building blocks of tailor-made materials devices [80]. Nanoparticles are used 
with the aim of improving performance from properties that arose due to limited effects t, larger 
surface area, long-scale interfaces where wave phenomena have similar characteristics to the 
structural characteristics with the potential to produce new atomic and macromolecular 
structures [80]. In addition, nanoparticles have been synthesized considerably for decades, 
evidence is the development of black carbon. [80]. Nanoparticles are identified as perspective 
fillers that can be used to improve the physical attributes of polymers.composition [81]. 
 
2.4.2.2 Nanocomposites  
Nanocomposites are formed when a composite of one or more components have dimensions 
of less than 100 nm [71]. Nanocomposites are also defined as fillers of organic or inorganic 
material with a minimum of one-dimension depending on the material used for reinforcement. 
Several methods are used for the synthesis of nanocomposites and they include exfoliation 






improvement of properties of nanocomposites occurs from high surface to volume ratio or 
aspect ratio or mixture of the two matrices and the reinforcement material. This is credited to 
the nano-dimensional properties of nanocomposites as the small quantity of reinforcement 
material has a notable effect in macroscopic properties and occasionally have multifunctional 
behaviours [77]. The reinforcement material is a material that takes part as a fibre in the 
preparation of composites while matrix normally refers to the main composites [71].  
 
2.4.3 Nanocarbons 
Nanocarbons exist as sp2 and sp3 carbon atoms that differ in terms of structural presentation, 
dimensions, and morphology. These dimensions (D) ranges from spherical 0D of fullerene, 
rolled up 1D of nanotubes and nanofibers, 2D is for graphene and all are sp2 carbon atoms. 
The sp3 carbon atoms comprise carbon nanomaterials such as nano-diamonds, nano-clays, 
associated, etc [83, 84].  
 
2.4.3.1 C60 Fullerene 
Fullerene is a carbon atom with molecules that have a spherical shape that is similar to a soccer 
ball as shown in Figure 2.4. below [69]. It is defined as carbon allotropes with the structure that 
resembles graphene wrapped up to form close-cage [85]. Fullerene is an incredibly stable 
carbon allotrope which is made up of sixty carbon atoms joined together to form one thick 
hollow sphere [69]. Elsewhere, it has been explained as a radical sponge because of its ability 
to increase free radicals. This is attributed to its structure that has thirty carbon double bonds 
[85]. Fullerene possesses valuable properties which include smaller particle size, large surface 
area, and high reactivity, attracting attention to be potentially used in technological and medical 
field applications [71]. In medical fields, fullerene can be used as potential anti-HIV drugs, 
skin cancer treatment, DNA cleavage agents, antioxidant drugs, etc. It also shows the potential 
to be used in the near future as a prospective drug carrier for selective tissue targeting [86]. 
 
 







Graphene is the precursor to most nano-carbons. It is formed from a monolayer of bonded sp2 
carbon atoms [88]. In other studies, graphene is described as a basic structural element for most 
of the graphitic carbons, these include graphite, carbon nanotubes, carbon nanofibers, fullerene, 
etc. Graphene structure is a packed honeycomb crystal lattice owing it to its one-atom-thick 
planar sheet of sp2 bonded carbon atoms as shown in Figure 2.5 below [69]. Graphene 
remarkable properties incorporate mechanical, structural, electronic, and thermal properties. 
These properties resulted in graphene popularity as a potential for commercial applications in 
the development of electronic devices, sensors, ultracapacitors, etc [69].  
 
 
Figure 2.3: Graphene structure [87]. 
 
2.4.3.3 Carbon Nanofiber 
Carbon nanofibers (CNFs) are defined as the type of carbon nanotubes (CNTs) with stacked- 
cup or cone as demonstrated in Figure 2.6 below. The stacked-up structure is associated with 
the stacked truncated cone structure resulting in CNFs that have similarities to a helically coiled 
graphene ribbon. The structure is responsible for the formation of hollow fibres core and 
graphene layer orientation at an angle of the fibre axis [89]. The stacked-cup structure is 
referred to as “bamboo” type while the stacked-cone structure is referred to as “herringbone”. 
CNFs are characterized by a cylindrical morphology or conical structure and their diameter is 
within the range of 100 to 300 nmif it is >100nm it is no longer considered as a nanomaterials 
coupled with the external length of approximately 200 μm [84]. CNFs properties include large 
surface area, high aspect ratio, superior surface properties, quantum confinement effects and 








Figure 2.6: Carbon Nanofibers : structure and Fabrication [90] 
 
These exceptional properties have made CNFs useful in various biomedical applications such 
as drug delivery, cell therapy, cancer therapy, tissue engineering, and regenerative medicine 
[91]. 
 
2.4.3.4 Carbon Nanotubes 
Carbon nanotubes (CNT) are sp2 bonded hybrids of carbon atoms. They are made up of 
seamless rolled-up graphene sheets. CNTs are categorised as single-walled carbon nanotubes 
(SWCNT) depending on the structural orientation of their graphene layers and the size of a 
diameter; double-walled carbon nanotubes (DWCNT) and multi-walled carbon nanotubes 
(MWCNT) [26, 28, 69]. DWCNTs are obtained when a double layer of graphene sheets are 
rolled up, as illustrated in Figure 2.7 below [84]. Elsewhere, DWCNTs are defined as the type 
of CNTs that are made up of two concentrically SWCNTs which are formed inside each other. 










Multi-walled Carbon Nanotubes are made up of two or more concentric cylindrical graphene 
shells that are coaxially arranged around the central hollow core as shown in Figure 2.8(a) 
below. MWCNTs have a diameter of approximately 5 to 50 nm [94]. MWCNTs geometry is 
characterized by two models namely: Parchment and Russian Doll model. Parchment model is 
formed when a single sheet of graphene is rolled in such a way that it encircles itself to mirror 
a rolled newspaper or scroll, as presented in Figure 2.8(b) below. Whilst, Russian Doll model 
refers to a model where graphene sheets shaping is in a concentric cylinder as shown in Figure 
2.8(c) below [95]. 
 
Figure 2.5: Multi-Walled Carbon Nanotube with its geometrical Models [95] 
 
Single-Walled Carbon Nanotubes (SWCNT) is shaped by rolling up a single layer of graphene 
into a seamless cylinder, as depicted in Figure 2.9 (a) below [94]. It consists of three chilities 
which are categorized based on their crystallographic configuration as an armchair, chiral and 
zigzag. The classification of these chilarities is dependent on the manner in which the graphene 
sheet is rolled up to form SWCNT [96]. Arm-chair is formed when the opposite carbon bonds 
lie perpendicular to the axis of the cylinder, while chiral is when the opposite carbon bonds are 
resting on an angle of the cylindrical axes and zigzag is formed when graphene sheet is folded 
in such a way that the opposite carbon bonds converge to form a cylindrical shape on the axis 
of the cylinder [71, 97]. The SWCNT chilarities are as depicted below in Figure 2.9 with (b) 







Figure 2.6: Single-Walled Carbon Nanotube and its Chilarity 
 
2.5  Properties of carbon nanotubes 
Carbon nanotubes are identified as unique when compared to other commonly used materials 
owing to their exceptional properties. This has qualified them as ideal candidates for the 
replacement of traditional materials for most applications such as indium tin oxide, steel etc 
[93]. These extraordinary properties include extremely high strength and young modulus. 
Moreover, CNTs indicate high flexibility, high thermal conductivity and low density which 
make them durable as opposed to other natural or synthetic organic fibres. CNTs properties are 
subdivided into three categories, which include electrical, mechanical and thermal properties 
[98, 99]. 
 
2.5.1  Electrical Properties 
Recently in the reviewed literature, the electrical properties of CNTs refer to their 
semiconducting or metallic behaviour [84]. CNTs unique structure resulted in their rare 
electrical properties, which depend largely on their geometric shape. It is said to be affected 
mostly by the small differences in the structure and how the graphene layers are formed or 
shaped in CNTs [100]. Qiu at al also emphasised that the electronic behaviour of SWCNTs 
strongly corresponds to their geometric structure. The ability of SWCNTs to be metallic or 
semiconducting is dependent on its diameter and chirality of the order in which graphitic rings 
are positioned on their walls i.e. (n.m) indices of the vector [101]. Elsewhere, SWCNTs are 
referred to as semiconductors with very small band gap when n-m = 3k where (k is the zero 






semiconductors with bandgap that is conversely influenced by the diameter [96, 102]. Contrary, 
Laura et al stressed the hypothesis of MWCNTs electronic properties requires much effort and 
diligence as opposed to SWCNTs. This is attributed to the excessive complexity of MWCNTs 
structures which escalate the possibility of defects existence [100]. However, for perfectly 
formed MWCNTs, electronic properties can be identical to those of SWCNTs [96]. 
 
2.5.2  Mechanical Properties 
Mechanical strength of materials is a measure of how materials behave when exposed to 
external stress which may affect structure, shape or volume. When evaluating mechanical 
properties, a series of traditional parameters are defined such as Young’s Modulus based on 
classical point of view [101]. CNTs possess exceptional mechanical properties owing to its sp3 
C-C covalent bond which is the toughest chemical bond among existing and known systems in 
nature. This is found in the graphitic hexagonal ring [68, 103]. CNTs boast with unique 
mechanical properties which are found to be the most resistant fibres. These fibres have 
Young’s Modulus of about 1 TPA with the tensile strength of 100 GPA which surpasses those 
of stainless steel by 100 whilst their density is approximately in sixth (1100 to 1300 kg/m3) 
which are very light compared to stainless steel [102]. These properties are as a result of CNTs 
being suitable candidates for reinforcement in polymer composites [104]. 
 
2.5.3  Thermal Properties 
Thermal stability of carbon nanotubes is one of the most critical aspects due to different 
experimental conditions that are incorporated in different industries, depending on the desired 
product [100]. CNTs have the strength of atomic bonds which permits or enables them to resist 
high temperatures. CNTs can transmit over 15 times the quantity of watts per meter per kelvin 
as opposed to a copper wire which is used as traditional thermal conductors. The thermal 
conductivity of CNTs is determined by the outside environment and also dependent on the 
temperature of the tubes [105]. Thermal conductivity of CNTs is more than 3000 W/m k and 











2.5.4  Summary of CNTs Properties  
The valuable properties of carbon nanotubes are some of the features that have attracted interest 
in almost all disciplines. Carbon nanotubes are widely recognised as the strongest materials 
ever discovered owing to their extraordinary mechanical properties [107]. Below in Table 2.3 
are some of the physical properties of carbon nanotubes that have added in their popularity. 
These properties vary depending on the growth or processing method and experimental 
conditions that has been utilized for example CVD, arc discharge growth,  
 
Table 2.3: Outlines the Physical Properties of Carbon Nanotubes[103] 
 
Category   CNTs  Properties    References 
 
Mechanical   SWCNTs Young's Modulus ~ 1 Tpa  [108, 109] 
Tensile Strength ~ >100 GPa 
    MWCNTs Young’s Modulus ~ 1 to 12 Tpa [108, 110] 
      Tensile Strength ~ 0.15 GPa    
 
Thermal properties at  SWCNTs Conductivity ~ 1750-5800 W/mK [111, 112] 
room temperature  MWCNTs Conductivity > 3000 W/mK  [109, 111] 
 
Electronic   SWCNTs Bandgap: When n-m is dividable [71, 113] 
      By 3(0 eV, metallic); 
      When n-m is not dividable by  
3(0,4 to 2 eV, semiconducting) 
    MWCNTs Bandgap: ~ 0 eV,   [71] 
non-semiconducting 
 
Electrical   SWCNTs Resistivity: 106 Ωm   [114] 









2.6  Applications of Carbon Nanotubes 
 
Carbon nanotubes are known for their high tensile strength, high thermal conductivity making 
good candidates for manufacturing of sensors. The highest tensile strength qualified them in 
the cement industry as additives as shown in Table 2.4 below with some of the properties that 
have added in their nobleness in the manufacturing industry. 
 
Table 2.4: Summarises Carbon Nanotubes Applications Across the Board 
 
CNTs Properties Application References 
SWCNTs Great linear and nonlinear optical 
properties 
Utilized as saturable 




Superior electronic properties 
 
Great potential for possible 







Fabrication of transistor 











Good thermal and electrical stability 
and flexibility 
 
Can be used as gas sensors, 
dielectrics, field emission 





Long term strength under harsh 
conditions 
 






Large surface area and electrical 
properties 
 
Nano carriers for drugs and 
biomolecules in biomedical 






Excellent chemical stability, rich 
electronic polyaromatic structure and 
ability to adsorb or conjugate different 
therapeutic molecules 
 
They are used as carriers of 
anti-cancer treatment and 
anti- microbial application. 







Surface atoms, good sensitivity at room 
temperature 
 
Can be used as chemical 












High tensile strength, high length to 
diameter ratio and low density 
 







2.7  Synthesis Techniques 
Several techniques have been studied by scholars to commercially produce carbon nanotubes 
and identifying an economical method as shown in Figure 2.10. Currently, arc discharge, laser 
ablation, chemical vapor deposition (CVD), electrolysis and flame synthesis are the existing 
techniques for the synthesis of CNTs from plastic waste. However, arc discharge, laser 
ablation, and CVD are the most popular techniques utilized in the synthesis of carbon 
nanotubes from plastic waste as it is advantageous to use them over the rest of the 




Figure 2.7: Presenting Different techniques Utilized in the Synthesis of Carbon Nanotubes 
[96, 124, 125]. 
 
2.7.1  Arc Discharge  
This technique was first developed by Kratschmer and Huffman in 1990 when they discovered 
a C6 molecule with a soccer ball shape and a hexagonal packing [126]. Arc discharge operating 
principle requires a current of approximately 50 amps to be passed between two graphite rods, 
the cathode and anode in an enclosed space in the presence of inert gases i.e. (argon or helium) 
at low pressure between 50 and 700 mbar roughly [126]. The sublimation of graphite is 






6000℃. The formed gaseous atoms are attached to the surface of the cathode and MWCNTs 
are formed while SWCNTs are produced on the anode which is usually filled with metals (Fe, 
Co, and Ni). This method is said to produce pure CNTs [127, 128]. However, the process for 
SWCNTs is costly as it requires a catalyst, the removal of catalyst from the product and certain 
processing parameters such as metal catalyst combination and concentration, temperature and 
the pressure of the inert gases in the chamber [125]. Recently, stainless steel, silicon substrates 
and nickel mesh catalysts electrodes are preferred by the majority of researchers over the 
graphite ones for the development of CNTs as they help prevent the electrode from corrosion 
while improving the quality of CNTs produced [28]. 
 
2.7.2  Laser Ablation  
The use of laser ablation technique for the production of CNTs was first made public by Guo 
et al in 1995 [96]. In this method, a block of pure graphite is mounted on a quartz tube and 
exposed at high temperatures of +/- 1200℃ in a furnace. This process is conducted under inert 
conditions by vaporizing the pure graphite with a laser beam pulse [28, 96]. The product after 
vaporization of the pure graphite is normally carbon-based soot. This technique has been found 
to produce CNTs with a high degree of structural perfection, which is assumed to be due to 
high temperatures utilized during the production process. However, it was later observed that 
this technique produces SWCNTs with narrow diameter distribution and high yields [96, 102]. 
It was also discovered that this technique can be altered to yield either SWCNTs or MWCNTs 
depending on the desired product by controlling and variating processing parameters [102, 
126]. The processing parameter includes laser wavelength, laser power, laser pulse duration, 
furnace temperature and graphite target composition [125]. Furthermore, Khanna et al [126], 
detailed the importance of low metal to graphite ratio at the target and high furnace 
temperatures as they correlate with good quality crystalline of SWCNTs whilst low furnace 
temperatures and high metal to graphite ratio are associated with greater yields of MWCNTs 
[126] 
 
2.7.3  Chemical Vapor Deposition  
Chemical vapor deposition (CVD) is viewed as one of the standard techniques in the synthesis 
of CNTs. There are various types of CVD which include catalytic chemical vapor deposition 
(CCVD) either thermal or plasma-enhanced (PE) oxygen assisted CVD[129], water-assisted 






(HFCVD) [131]. However, CCVD is the general technique used for the production of carbon 
nanotubes [28, 102]. CVD technique encompasses the pyrolysis of hydrocarbons as a carbon 
source in the presence of transition metal catalysts such as nickel, cobalt, molybdenum, iron 
etc. [132]. It has been described as a chemical process where volatile precursors are utilized as 
carbon source and carried in a stream of inert gas into the reaction chamber with a transitional 
metal catalyst at high temperatures of approximately 600 to 1000 ℃ [71, 102, 125]. The 
transitional metal catalyst is meant to promote the growth of CNTs [96]. CVD is one of the 
most studied and popular technique in synthesis of CNTs and most research groups, have 
conducted several literature review papers exploring the synthesis of CNTs emphasizing 
current developments in the synthesis [71, 132]. The popularity of this technique stems from 
its ability to offer better control of experiment, simplicity, bulk production, good alignment 
and cost-efficiency [133]. CVD is advantageous as opposed to other techniques as it allows the 
grow-in-place synthesis of mass production of 1D nanomaterials, such as CNTs and MCNTs 
[103]. Moreover, it permits control of diameter and shell number is attained [96]. The limitation 
of the CVD is the presence of a higher level of density defects in the produced product 
(amorphous carbon) as opposed to other methods. These defects may lead to poor thermal and 
structural properties of the CNTs [96]. Some of the techniques that are normally utilized for 
the synthesis of nano carbons are listed below in Table 2.5 with their advantages and 
disadvantages. 
 
Table 2.5:Comparison of the three CNT Synthesis Techniques [28, 103, 132] 
Method Advantages  Disadvantages 
Arc discharge  Great degree of structural perfection  Carbon impurities and 
short CNTs 
 
Laser ablation   Great degree of structural perfection, 
purified forms of CNTs 
 
Costly with low yield 
Chemical vapor 
deposition 
Bulk processing, great alignment, 
shell number and control over 
diameter  
Higher level of defect 
density 
 
2.7.4  Role of Precursor 
Various kinds of precursors were studied for the synthesis of carbon nanotubes. In particular, 
precursors that are gaseous or solid hydrocarbon-based chemicals such as ethylene, acetylene, 






polymers such as polyethylene, polypropylene, polyacrylonitrile and polyphyly alcohol carbon 
monoxide and alcohols were studied [134]. Due to growing environmental concerns, eco-
friendly precursor such as soy oil, camphor, waste generated oil, turpentine oil, coconut oils 
etc were investigated for the synthesis of CNTs through CVD [135, 136]. Precursors which are 
carbon-based encourages growth, characteristics and properties of CNTs which is attributed to 
its thermodynamic properties, binding energy etc. The concentration of precursor plays a big 
role in the synthesis of CNTs from the gaseous precursor [137]. This includes intermediates 
products in the gas phase along reactive radical species generated during the pyrolysis of 
hydrocarbons. The intermediates produced should have the ability to be attached on the catalyst 
surface through physisorption or chemisorption to commence with the growth process [71]. 
Saturated hydrocarbons are said to favour the production of SWCNTs while unsaturated 
hydrocarbons support the formation of MWCNTs [138]. These days, CVD technique is 
generally employed for commercial and industrial production of CNTs in the presence of 
transition metal catalysts, which are normally coupled by support such as MgO, CaO, Al2O3, 
ZrO [139]. The catalyst addition is meant to intensify the surface area of the catalyst while 
improving the yield of the process. The downside of CCVD technique is on separating the 
produced CNTs from the catalyst support as acid treatment is necessary for purification. This 
purification process can occasionally result in structural distortion [139, 140]. 
 
2.7.5  Catalyst  
Catalysis is essential for most reactions to obtain maximum chemical conversion with minimal 
energy. The majority of industrial processes if not all requires catalysis to achieve a significant 
role in the protection of environment i.e. prevention of emissions. A typical example is that of 
companies like BASF SA, which produces catalytic converters for automobiles [141, 142]. The 
concept of catalysis came into existence in 1836.[143]. Berzelius brought the catalysis concept 
into existence in 1836, when he was explaining decomposition and transformation of reactions 
by assuming that it has special powers that can control the affinity of chemical reactions [143]. 
However, Ostwald describes catalyst as a substance that speeds up a chemical reaction without 
affecting the position of equilibrium [142]. 
 
Catalyst can be classified as homogeneous, heterogeneous and a mix of both heterogeneous 
and homogeneous [144]. Homogeneous catalysts are mostly transition metal compounds and 






refers to biocatalysts or enzymes [145]. Catalysts can be in the form of liquids, solids or gas 
phase. Catalyst synthesis methods are categorized into two approaches namely, top-down and 
bottom-up methods. Top-down consists of milling or attrition and it is normally utilized for 
nanocomposites and nano grained bulk materials [146]. On the other hand, bottom-up is 
concerned with the fabrication of nanoparticles through condensation of atoms or molecular 
entities in a gas phase or liquid to generate nanometre scale. Bottom-up consists of different 
synthesis methods such as sol-gel, impregnation, precipitation etc. [146]. 
 
In this study, the catalyst is synthesized by sol-gel method. The sol-gel method is a versatile 
chemistry tool for the preparation and understanding of catalytic materials [147]. It deals with 
the chemical transformation of a liquid (sol) into a gel state accompanied by subsequent -post-
treatment and transition into solid oxide material [147, 148]. Sol refers to colloidal solutions 
produced from solid particles with a diameter of approximately 100 nm and suspended in the 
liquid phase. Conversely, a gel is defined as solid macromolecules that are submerged in a 
solvent. Sol-gel is classified into two forms, which are aqueous and non-aqueous sol-gel [147, 
148]. Furthermore, the type of solvents that are used is polar solvents such as water, methanol, 
ethanol etc. when the precursor is inorganic. In the sol-gel process, two classes of reactions 
occur namely hydrolysis and condensation [147]. They are demonstrated as follow:  
 
Hydrolysis: M-O-R + H2O → M- OH + R-OH  
 
where M represents metal ion group, R is the alkyl group and OH is the alcohol group, M(OR)z 
is an alkoxide and z is the valence state. 
 
Condensation: M-OH + HO-M → M-O-M + H2O or M-O-R + HO-M → M-O-M + R-OH 
[147-149]. 
In this case the aqueous sol-gel method was utilized with deionized water as a solvent and non-
aqueous sol-gel was conducted using methanol to form the oxide group. 
 
2.8  Characterization techniques 
The use of characterization techniques is essential for both knowledge and understanding of 
nanofillers (CNTs) behaviour when exposed to certain conditions. It is also important in 






techniques are utilized to aid in the development of new materials and understanding their 
fundamental properties [94]. 
 
2.8.1  Raman Spectroscopy 
Raman spectroscopy is one of the major techniques utilized in the characterization of 
determining structural defects and physical properties of nanofillers [96, 150]. When operating 
Raman Spectroscopy, the sample is introduced in an illuminating monochromatic laser-like 
light. During this process, the vibrational energy levels of the sample interconnect with a little 
amount of incident radiation to energy. The resulting light that went through energy exchange 
is known as Raman scattered light. Raman scattered light possess energies less or advanced as 
opposed to those of the incident light and this energy change is equivalent to the vibrational 
energies of the sample. The rise of peaks in the Raman spectrum is dedicated to the energy 
change and the quantity of the peak shift from the incident light are referred to as Raman shift.  
 
In the case of CNT analysis, Raman spectrum for CNTs is dominated by certain features such 
as radial breathing modes (RBM) which is found at the frequencies between 100 and 250 cm-
1. This frequency is said to be inversely proportional to the diameter of the nanotubes [151]. 
However, this specific feature only appears in SWCNTs because of the size of their tube 
diameter. RBM signal from larger tube diameter is assumed to be too weak to be observable 
[152]. The second peak is found at the frequencies between 1330 and 1360 cm-1 and this peak 
is assigned to sp3 atomic orbital carbon [153]. This peak is known as the D band, which is a 
disorder associated with graphitic materials. It is more likely to be seen in MWCNTs when 
excited with a visible laser while observed in SWCNTs, it is related to defects in tubes [151, 
154].  
 
The prominent peak is G band, also known as the tangential mode and corresponds with C-C 
stretching bond in the graphite plane. It is located at the frequency of approximately 1580 cm-
1 and associated with sp2 carbon atomic orbital [151, 153, 154]. The fourth peak that seldom 
appears is the G’ band, which is found from 2500 to 2900 cm-1 and the frequency of this mode 
is twice that of the D mode. This second-order mode is sometimes called 2D and is an intrinsic 
property of CNTs and graphite where D band is completely invisible [151] A sharp D band on 
CNT spectrum is an indication of higher amorphous carbon atoms which is associated with 






quality of the CNTs produced with the lower ratio signifies the higher quality or purity of CNT 
structure while a higher ratio signifies poor quality or more defects on the produced CNT 
structure. It also explains the graphic nature of the material of interest [57, 155]. 
 
2.8.2  X-ray Diffraction (XRD) 
XRD technique is widely utilized to determine the crystalline structure of a material. The XRD 
setup generally made up of four components namely: X-ray tube, Goniometer, sampler holder 
and the X-ray detector [150]. The operating principle behind XRD is that of an X-Ray detector 
which is used to excite a sample. XRD operating method involves the use of copper metal as 
the anode that result in the production of X-ray. In this technique, electrons are formed by 
heating the filament in the X-ray tube then a high voltage of approximately 30 to 60 kV is 
utilized to increase the speed of these electrons [156]. These electrons are then directed to hit 
the material of interest. During the collision process, the electrons in the outer shells such as L 
or M replaces the K shell of the copper metal in the nucleus while the K shell moves to the 
outer shell and take the place of the L or M shell. This result in the emission of electrons with 
energy differences in the X-ray radiation and termed as Kα (energy difference from L shell) 
and Kβ (energy difference from M shell) [78, 157]. The produced X-ray pattern is then 
measured if it correlates or aligned with standard diffraction pattern provided by the Joint 
Committee for Powder Diffraction Standard (JCPDS) or International Centre for Diffraction 
Data (ICDD). The diffraction pattern obtained after characterization is then compared with the 
standards to classify the crystal structure and phase of crystalline material. XRD results can be 
compared with TEM images especially when the images captured are displaying lattice fringes. 
XRD data can be used to identify the Miller Indices (h,k,l) of the hexagonal crystal structure 
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)     Equation 2.1 
 
where a and c are lattice constants. 
Software packages such as Origin can be used to analyse XRD diffractogram and determine 
full-width-half-maximum (FWHM) of the dominant peak. FWHM can be used to calculate 










       Equation 2.2 
where D is the average crystallite size, 
b = FWHM in radians of 2θ,  
λ is the wavelength of the X-ray used, θB is the Bragg angle of the peak,  
and  
 
𝐾 = 2 (
𝑙𝑛2
𝜋
) ^0.5 ≈ 9      Equation 2.3 [159]. 
 
2.8.3  Thermogravimetric analysis and Differential thermal analysis  
Thermogravimetric analysis (TGA) is used to investigate the thermal stability of nanomaterials. 
TGA is defined as the analysis of change in the mass of the sample when heated [150]. The 
TGA/DTA technique comprises of two crucibles, one is used to contain the sample while the 
second crucible is for reference material. In Differential Thermal Analysis (DTA), the sample 
temperature is compared to that of inert reference material. The temperature is kept constant 
until the thermal event occurs such as melting, decomposition or crystal change [160]. When 
the endothermic reaction occurs in the sample, the temperature of the sample will delay and be 
lower than that of the reference material and this condition will lead to the appearance of the 
minimum on the curve. Conversely, if an exothermic reaction occurs, then the temperature of 
the sample will surpass that of reference material and the curve will display the maximum 
[161].  
 
TGA like DTA comprises of two crucibles one for the sample and the other one for reference 
material. This technique involves measuring mass variation as a function of temperature 
variation under inert conditions. The key uses of TGA include the measurement of thermal 
stability of the material and composition. However, it is notable beneficial in measuring 
dehydration, decomposition, desorption and oxidation process [162]. In DTA, the peak at 67 
℃ corresponds to the surface water loss and 730 ℃ is associated with dihydroxylation. 
However, for TGA the thermal stability of the nanomaterials indicated by higher temperatures. 
Furthermore, a higher temperature is related to graphitizing CNT which result in higher thermal 
stability. The weight reduction at the initial temperature from 100 to 300 ℃ corresponds to 






with the decomposition of aromatic rings. The residual weight is an indication of the quality of 
impurities [163]. 
 
2.8.4 Scanning Electron Microscopy  
Scanning Electron Microscopy (SEM) is one of the most important tools for investigating the 
sample morphology and surface of nanomaterials [150]. The atoms interact with electrons to 
form signals that supply properties such as composition, topography and electrical 
conductivity. The produced signal includes secondary and backscattered electrons [164]. Most 
SEMs generally able to detect secondary electrons. SEM assists in obtaining high-resolution 
images ranging from those visible to the naked eye and those that are few nanomaterials in size 
[150]. Conventional SEMs are designed to capture images from the magnification range of 
20X to 30000X with a three-dimensional resolution of 50 to 100 nm. SEM scanning ability is 
varying from 1 cm to 5 μm in width. SEM also can analyse particular points as can be observed 
during Energy Dispersive X-ray spectroscopy (EDX) operation which assists in defining the 
chemical composition of the sample of interest [165]. EDX is also available as Electron 
Dispersive Spectroscopy (EDS) which is meant for elemental identification. EDS operating 
principle is the one that involves exposing the sample in an electron beam inside the SEM. The 
sample electrons collide with the electron beam, resulting in the removal of some electrons 
from the orbit. The empty spaces in the orbit are filled with higher energy electrons that emit 
X-rays. The emitted X-rays are in turn analysed to determine the elemental composition of the 
sample. EDS is also useful for elemental mapping [165, 166]. 
 
2.8.5  Transmission Electron Microscopy  
TEM is a technique that is widely used for observing structural characteristics in the material 
of interest [150]. In the case of carbon nanotubes analysis, TEM is also utilized to determine 
the diameter and the area of the tubes while for catalyst samples while for other nanomaterials 
it is used to determine the particle size [167]. It also allows the identification of metal catalysts 
entrapped within the walls of CNTs or nanoparticles. Through TEM images, it is possible to 
identify the nature of the sample i.e. whether the sample is amorphous or crystalline [168]. 
Furthermore, TEM can also assist in measuring different parameters in CNTs and 
nanomaterials such as morphology, particle size, diameter, length, number of walls etc. TEM 
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3.0 MATERIAL AND METHODS 
3.1 Materials 
 
Analytical grade citric acid, C6H8O7; methanol, CH3OH and Hydrochloric acid (HCl) with 
(36%) concentration were procured from Rochelle chemicals, South Africa. Aluminium (III) 
Nitrate Nonahydrate Al(NO3)3.9H2O (≥98%) product of Merck Chemicals, South Africa; 
Ferric Nitrate or Iron (III) Nitrate Nonahydrate, Fe(NO3)3.9H2O (98 – 101%) and Ammonium 
Molybdate Tetrahydrate, (NH4)6Mo7O24.4H2O with (≥99.98%) purity were purchased from 
Sigma-Aldrich, St Luis Mo; United States of America (USA). Manganese Nitrate Tetrahydrate 
Mn(NO3)2. 4H2O (≥98%) was obtained from Alfa Aesar, Ward Hill, Massachusetts, USA. 
Nitrogen of ≥99.99 and a mixture 90%/10% of Argon/hydrogen gas were procured from 
Afrox, South Africa. Commercial Multi-Walled Carbon Nanotubes (MWCNT) powder was 
supplied by Nanocycl, Belgium with ≥99.97 purity and an average diameter of 9.5 nm with a 
length of 1.5 𝜇𝑚 respectively. Deionized water was obtained from the University of 
Johannesburg (UJ) Chemical Engineering Laboratory. Recycled plastic, polypropylene (PP) 
which include yogurt, margarine and ice cream containers were obtained from UJ Recycling 
Site and high-density polyethylene (HDPE) which refers to normal shopping bags from 
Shoprite and Pick n Pay was used as the feedstock. These plastic bags were obtained from the 
aforementioned grocery stores everytime groceries were bought at home. The PP was taken 
straight from the recycling site, cleaned organic dirty and allowed to dry overnight. It was then 
cleaned off the colour coding using acetone and cut into small pieces with scissors. HDPE was 
used as is, that is no colour coding was removed then chopped into small pieces. The colour 
coding was not removed to demonstrate that plastic bags do need further treatment for the 
synthesis to be successful. 
 
3.1.1 Equipment 
PL-E Portable Balance ( max = 6200g, min = 0.01g), Mettler Toledo, ME204T/00 Analytical 
Balance (max = 220g, d = 0.0001g),Mettler Toledo, MS-H-Pro Circular Top LCD Digital 
Hotplate Stirrer (max temperature = 360℃, Rev Max = 1500 rpm), Labsmart and Dragon Lab, 






Reactor: Chemical Vapour Deposition (CVD), Quartz Tube (27 mm ID × 30 mm OD × 980 
mm length), Quartz Boat (120 mm ×15 mm), Connectors, Silicon Tubes. 
Glassware: Beakers, Measuring Cylinder, Pasture Pipettes, Florence Flasks, Graham 
Condenser (Reflux Setup), Weighing Boats, Spatular, Magnetic Stirrers, Filter Papers (nm), 
Sterlitech Botanical Extraction Filter Kit (150mm all glass funnel/ base assembly, and 110v 
pump 
 
3.2  Methods 
3.2.1  Preparation of catalyst using Sol-gel method 
 
In this section, two catalysts using two different compounds based on economic effectiveness 
and their ability to release activation energy were prepared. Besides, aqueous and non-aqueous 
solvents interchangeable based on their potential to promote the formation of nanoparticles and 
the levels of environmental compatibility were the used. In this study, deionised water was the 
aqueous solvent and methanol non-aqueous solvent. 
 
3.2.1.1 Preparation of iron-molybdenum on aluminium oxide support (Fe-Mo/Al2O3) 
 
The sol-gel method was used to prepare Fe-Mo catalyst on an aluminium oxide support. About 
5.0 g of iron (III) nitrate, 10.0 g of aluminium (III) nitrate and 2.5 g ammonium molybdate 
tetrahydrate were weighed on an electronic weighing balance. The weighed quantities of iron 
nitrate and aluminium nitrate were transferred into a 100 ml beaker and 10 ml of deionized 
water was added as an aqueous solvent to dissolve the salt. The mixture was immediately 
placed on a digital hotplate stirrer at room temperature, stirring at 140 rev/min. One magnetic 
stirrer was immersed into the mixture and it was allowed to dissolve over 10 min. This was 
subsequently followed by the addition of 2.5 g ammonium molybdate tetrahydrate and an 
orange rust thick homogeneous solution that looked like syrup was formed. This step was also 
given 10 min stirring, which was followed by the addition of 1.5 g citric acid as a complexing 
agent and the viscous solution colour changed to dark brown.  
 
The temperature of the solution was raised to 100℃ for uniformity and a formation of yellow-
brown homogeneous gel was observed. The magnetic stirrer was removed, and the stirring 






temperature of 100℃ and a yellow-brown fluffy substance was formed. The fluffy substance 
was instantly placed inside the blowing oven for 5hrs at 120℃ for the ageing stage. The fluffy 
powder was cooled and pulverized. A mass obtained after ageing was 9.0 g and it was 
transferred into a ceramic crucible then placed in a muffle furnace at 700℃ for 2hrs for the 
supercritical heating stage. After 2 hrs, the sample was immediately removed from the furnace 
and allowed to cool in a fume hood. The resulting powder after the supercritical heating stage 
was an orange powder of Fe-Mo/Al2O3 catalyst with a mass of 5 g. The second sample was 
prepared in the same fashion except that methanol was used as the non-aqueous solvent. The 
mass obtained after the ageing stage was 4.04 g and 1.04 g after the supercritical heating stage. 
 
3.2.1.2 Preparation of iron-manganese on aluminium oxide support (Fe-Mn/Al2O3) 
 
The second catalyst was prepared using the Sol-gel method on aluminium oxide support and 
with iron being the core element and manganese the co element. 5.0 g of iron (III) nitrate, 10.0 
g of aluminium (III) nitrate and 2.5 g manganese [29] nitrate were weighed on an electronic 
weighing balance. The weighed quantities of iron nitrate and aluminium (III) nitrate were 
transferred into a 100ml beaker and 10ml of deionized water was added as an aqueous solvent 
to dissolve the salt. The mixture was immediately placed on a digital hotplate stirrer at room 
temperature, stirring at 140 rev/min. One magnetic stirrer was immersed into the mixture and 
it was allowed to dissolve over 10min. This was followed by the immediate addition of 2.5 g 
manganese [29] nitrate and orange rust thick homogeneous solution that looked like syrup were 
formed. The manganese [29] nitrate was allowed 10min to dissolve and rust thick 
homogeneous solution that looked like syrup was formed. This was followed by the addition 
 of 1.5 g citric acid as a complexing agent and the viscous solution colour changed to coffee 
brown. The temperature of the solution was raised to 100℃ and a formation of the coffee-
brown homogeneous gel was observed. The magnetic stirrer was removed, and the stirring 
mode was disabled. The gel was allowed to evaporate over a period of 85min at a steady 
temperature of 100℃ and a coffee-brown fluffy substance was formed. The fluffy substance 
was instantly placed inside the blowing oven for 5hrs at 120℃ for the ageing stage. The fluffy 
powder was cooled and pulverized. The mass obtained after the ageing stage was 6.0 g; it was 
transferred into a ceramic crucible then placed in a muffle furnace at 700℃ for 2hrs for the 
supercritical heating stage. After 2hrs, the sample was immediately removed from the furnace 






weighed 3.0g. The same method was followed in the preparation of the second sample except 
the change in the type of solvent used. The non-aqueous solvent used was methanol. The 
obtained after the ageing stage was 2.22g and the resulting product after supercritical heating 
was 1.0g of Fe-Mn/Al2O3. 
 
3.2.2  Synthesis of Carbon Nanotubes from Plastic Waste (PP, HDPE and Hybrid) 
 
In this section, carbon nanotubes were developed using two different plastic waste materials as 
a carbon source under the same reaction conditions. In other words, three CNT products were 
obtained from PP, HDPE and the third product were a mixture of 50% HDPE and 50% PP. The 
mixture is termed hybrid. The plastic wastes were chopped into small pieces as shown in Figure 
3.1 (a) and (b) below. 
 
3.2.2.1 Development of carbon nanotube from plastic waste 
 
A mass of 0.1 g Fe-Mn/Al2O3 supported catalyst was weighed and transferred into a quartz boat 
and positioned at the centre of the quartz tube inside the CVD reactor housing as shown in 
Figure 3.2 (b) below. It was then preheated to 700℃, at 25℃/min heating rate. The temperature 
was measured using a built-in thermocouple. The reduction of the catalyst was carried out by 
flowing Ar/H2 gas mixture through the furnace with a ratio of 0.95:0.05 and a flow rate of 509 
ml/min. When the experiment reached at a reduction temperature of 700℃, it was then allowed 
to stand for 30min. The CNTs were synthesized by introducing a ceramic boat with 1g of PP 
as shown in Figure 3.2 (a) below. A long rod was used to position the sample at the centre of 
the furnace about 15 cm away from the catalyst to allow the plastic soot (carbon material) to 
be decompose on the catalyst surface. The plastic soot refers to the product shown in Figure 
3.2 (c). The reaction was conducted in Ar/H2 gas mixture atmosphere with the flow rate of 
508.5 ml/min at 700℃. The process was allowed to proceed for 30 min and the gas mixture 
flow valve was closed then  pure nitrogen gas was introduced for inert conditions while the 






N2 flow of 412ml/min to avoid oxidation. The pyrolysis setup is as shown in Figure 3.3. The 
yield of carbon material was determined according to the equation below using a catalyst.  
%𝐶 =  
𝑊2−𝑊1
𝑊1
 × 100                                                                         Equation 3.1 
Where 𝑊2 is the weight of catalyst and carbon deposit and 𝑊1 denotes the initial weight of the 
catalyst without carbon deposits. The experiment was repeated several times to ensure legit 
results. The same fashion was used to produce CNTs from HDPE and hybrid (PP and HDPE) 
mixture. However, in the case of hybrid carbon source was used, 50% HDPE and 50% of PP. 
 
 
Figure 3.8: Plastic Waste (a) PP and (b) HD-PE 
 







Figure 10.3: Schematic of horizontal single-stage CVD reactor for the synthesis of CNTs 
 
3.2.3  Purification of Carbon Nanotubes 
 
In this section, three CNT samples developed from two different carbon source were purified. 
The CNT samples were synthesized from HDPE, PP and hybrid made from 50% PP and 50% 
HDPE. The conventional acid treatment was the purification technique employed for the 
purification of synthesized CNTs through non-oxidative route.  
 
Purification treatment was conducted to eliminate the amorphous and metallic catalyst from 
the produced CNTs. A quantity of 0.1 g CNTs was weighed from each sample and transferred 
into 500ml graham flask and 50ml of 5M HCl was poured into the flask holding the CNTs. The 
5M HCl was prepared in 250ml volumetric flask from 36% concentrated HCl by calculating 
the necessary volume, which was found to be 0.267ml. The dilution was done by filling a 250ml 






measure 0.267ml of the 36% HCl concentration and transferred it into the 250ml volumetric 
flask containing deionized water. The flask was then sealed, shaken and opened then refilled 
to the mark with deionized water. One magnetic stirrer was immersed in each graham flask. 
These samples were kept at temperatures between 55 to 60℃ for 5hrs as demonstrated in Figure 
3.4 below. After 5hrs, the heat was switched off and the samples were left on the flasks 
overnight. The samples were filtered utilizing Sterlitech Botanical extraction filtering kit with 
0.46𝜇𝑚 filter paper. The filter cakes were rinsed with deionized water several times to ensure 
the pH of the filtirate is close to 7 on litmus paper. The filter cakes were dried in a blowing 
oven overnight at 60℃.  
 
 
Figure 3.4: Reflux setup for purification of CNTs 
 
3.3  Characterization of samples 
The synthesized catalysts and CNTs were studied utilizing different characterization 








3.3.1  Transmission Electron Microscopy [28] 
 
Transmission Electron Microscopy [28] was used to determine the average particle size of Fe-
Mn/Al2O3 catalyst and reacted catalyst (pyrolysis product) for the samples. TEM micrographs 
were captured on JEOL JEM- 2100 Electron Microscopy coupled with Electron Dispersive 
Spectroscopy (EDS) and SAED selected area. It was operated at the acceleration voltage of 
200kV and the Beam at 105𝜇𝐴, equipped with CCD camera from Gatar at different resolutions. 
Samples were dispersed in 100% ethanol using vials and sonicated for 5 min, as shown in 
Figure 3.5 (a). Carbon copper-coated grids were placed on the filter paper and few drops of 




Figure 11: Preparation of TEM sample analysis 
 
3.3.2  Scanning Electron Microscopy (SEM) 
 
Scanning Electron Microscopy (SEM) was used to examine the surface morphology and 
composition (using EDS) of the fresh catalyst and the pyrolysis products only went through 









3.3.3  X-Ray Diffraction (XRD) 
 
The metal species and crystal structure for both fresh catalyst and pyrolysis product samples 
were identified using X-Ray Diffraction (XRD) -7000, Shimadzu Corp., China operated at the 
wavelength of 0.154060 nm, generated at 30KV and 30 mA using Cu Kα radiation. The scans 
were conducted at 2̊/min for 2θ values between 10 and 90 degrees.  
 
3.3.4  Raman Spectroscopy 
 
Raman was used to investigate the purity for both fresh catalyst and reacted catalyst samples 
and to also confirm Full Width Half Median (FWHM) of the crystal. Raman measurements 
were carried out on Jobin-Yvon Labram Spectrometer at the excitation wavelength of 532.1 
and 599.1 nm with the spectral resolution of 2101.9 rel. 1/cm.  
 
3.3.5  Differential Scanning Calorimetry and Thermogravimetric Analysis (DSC-TGA) 
 
The rate of decomposition for DPW samples and heat rate for fresh catalyst was profiled using 
DSC - TGA, Q600, and V20.9. All samples were heated using alumina pans in a nitrogen 



















4.1 Results and Discussion 
 
This chapter is divided into four phases where Phase1 is the synthesis and characterization of 
the catalyst. Phase 2 covers the first application of the catalyst on the first attempt of developing 
the nanofillers from PP. Whilst, Phase 3 is the continuation of the study, including the synthesis 
of nanofillers from HDPE and PP. Phase 4 is wrapping the whole study where the catalyst is 
prepared and characterized using XRD, TEM, SEM-EDS, followed by the synthesis of 
nanofillers using HDPE, PP and a mixture of the two plastic wastes (hybrid). This phase is 
concealed by purifying the synthesis product and characterization using SEM, TEM, XRD, 
Raman spectroscopy and DSC-TGA analysis. 
 
4.1.1 Phase1: Synthesis and Characterization of catalysts  
 
Phase1 addresses the conception of the study, the trial and errors. In this phase, two catalysts 
i.e. Fe-Mn/Al2O3 and Fe-Mo/Al2O3 using water and methanol as solvents. These two solvents 
were alternated to obtain nanoparticles and identify one that best produces nanoparticles. One 
catalyst was chosen based on particle size obtained, availability of consumables, cost-
effectiveness and one solvent were preferred over the other one from phase 2 going forward 
due to its environmental friendliness and the use of the Fe-Mn/Al2O3 on the first attempt in the 
synthesis of nanofillers. 
 
The catalyst materials were synthesized using transition metal compounds to form tri-metallic 
catalysts with the format Fe-Mo/Al2O3 and Fe-Mn/Al2O3 where Fe is a core-catalyst, Mn or 
Mo is the promoter and Al is the support. Citric acid was used as a complexing agent. The 
results obtained from the synthesis of the catalyst using aqueous (deionized water) sol-gel and 
non-aqueous (methanol) sol-gel method for the synthesis of nanofillers from PW, HDPE and 
PE are presented and discussed. The catalyst characterization was only limited to TEM to 
determine the particle size while the pyrolysis product was subjected to two characterization 








4.1.1.1 Characterization of Fe-Mo/Al2O3 Catalyst 
 
Figure 4.1 below shows micrographs of Fe-Mo/Al2O3 catalyst where (a) and (b) are prepared 
by methanol and (c) and (d) by deionized water. The particles on the micrographs appear to be 
agglomerated which is due to the use of citrate precursor because citric acid is a complexing 
agent [169]. The particle size and the uniformity of the catalyst material varies, depending on 
the solvent used. Furthermore, as the name sol-gel suggests for the preparation method, gels 
are bound to be sticky thus, the agglomeration of particles formed. As can be seen in Figure 
4.1 below, (a) and (b) images are agglomerated with very small particles on other parts of the 
images. Figure 4.1(a) particle size was found to be 14.74 nm while 17.47 nm was obtained for 
Figure 4.1 (c). These results approve theoretical views that methanol used as a solvent in 
catalyst preparation facilitates the production of nanomaterials whilst deionized water is 
encouraged for industrial use as it promotes bulk production [148]. These results confirm that 
the catalyst material produced is on a nano scale. 
 
 
Figure 4.1:TEM images of FE-Mo/Al2O3 catalyst where (a) and (b) are prepared by methanol 








4.1.1.2 Characterization of Fe-Mn/Al2O3 
 
The observation on Figure 4.2 (a) and (b) shows an equally fine and agglomerated particle size 
as opposed to Figure 4.2 (c) and (d) which look cloudy, viscous and agglomerated. The particle 
size for (b) was found to be 6.15 nm and 17.89 nm. This again confirms that methanol promotes 
the production of nanoparticles. The catalyst materials prepared with methanol gave clear 
distinction in particle sizes as Fe-Mo/Al2O3 was approximately 14.74 nm and Fe-Mn/Al2O3 
was 6.15 nm. This might be due to the core elements used in both catalysts as molybdenum has 
a high melting point while manganese has a low melting point as opposed to molybdenum 
[170]. This implies that molybdenum might not have dissolved completely during the 
preparation stage and solubility in methanol. However, for the catalysts prepared with 
deionized water, the particle size obtained was 17.43 nm for Fe-Mo/Al2O3 and Fe-Mn/Al2O3 
was 17.89 nm. The manganese-based catalyst batch is black, which is due to the purple-black 
colour of manganese while molybdenum base catalyst batch is orange-rust due to the orange 
colour of ammonium molybdenum. The molybdenum base catalyst batch has partially small 




Figure 4.2:TEM images of Fe-Mn/Al2O3 catalyst where (a) and (b) are prepared by methanol 






4.1.2 Application of Fe-Mn/Al2O3 in development of nanofillers through pyrolysis 
4.1.2.1 Characterization of Nanofillers 
 
Figure 4.3 is the TEM images of nanofillers produced from PP waste. Images (a) to (c) are 
showing a mixture of multi-walled carbon nanotubes and other chain-linked carbon 
nanomaterials. Image (d) comprises of lattice fringes which are associated with polycrystalline 
structures. The fringes are ordinarily observed when the morphology of the nanotubes is 
crystalline [171, 172]. The average diameter on the image (a) to (c) ranges from 9.44 to 44.76 
nm while image (d) is displaying the lattice fringes at 20 nm resolution which is a characteristic 
of crystalline structure. The diameter of the nanofillers was found at an average of 9.47nm and 
this means the nanofillers obtained are multi-walled carbon nanotubes (MWCNT). 
 
 
Figure 4.3: TEM images of nanofillers synthesized from PP 
 
Figure 4.4 shows the results from the Raman analysis, which was performed to determine the 
purity of nanofillers. The first peak is visible at the wavelength of 638.08 cm-1 and it is ascribed 
to moderate C - C aliphatic chains. Radial Breathing Mode (RBM) is a central feature in Raman 
spectra of nanofillers. It is regularly observed in the range between 75 and 300 cm-1 and it 






the spectra above the RBM peak, this is not observed which suggests that the nanofillers 
developed are not SWNT. This confirms the observations of the TEM results. The D mode is 
located between 1330 and 1360 cm-1 wavelength and ascribed to disordered graphitic materials 
or amorphous carbon while the G mode or Tangential mode which is caused by tangential 
vibrations is detected between 1580 and 1589 cm-1[57, 151, 173]. In this study, the D mode 
was at the wavelength of 1343.98 cm-1 and the G mode at 1580.64 cm-1 and the two peaks 
indicate the formation of MWCNTs [151, 152]. The relative intensity 𝐼𝐷/𝐼𝐺 measures defects 
and the degree of graphitization which implies that the graphitization order of carbon is higher 
with greater 𝐼𝐷/𝐼𝐺   value [27, 174]. In this study, the 𝐼𝐷/𝐼𝐺 ratio was found to be 0.85 which is 
an indication of a good quality structure of carbon nanotubes. 
 
























Figure 4.4:Raman spectra of nanofillers, synthesized from PP 
 
4.2 Phase 2: Synthesis and Characterization Results 
 
This phase is the continuation of the study in phase 1. It discusses the results of the second 
synthesis where the catalyst employed was the Fe-Mn/Al2O3, prepared by deionized water. The 
catalysts were used to develop nanofillers from PP and HDPE and different types of 
characterization techniques namely TEM, SEM-EDX, TGA-DSC, Raman and XRD were 






4.2.1 Characterization of Fe-Mn/Al2O3 
 
Figure 4.5 (a) and (b) outlines the morphology of Fe-Mn/Al2O3 catalyst that was captured at 
different wavelengths whilst Figure 4.5 (c) shows the composition of the catalyst. In Figures 
4.5 (a) and (b), the catalyst was found to be amorphous and uniform. It was captured at 200 nm 
and 1μm with the bottom left sides revealing the porous inner surfaces. EDX spectrum in Figure 
4.5 (c) is the illustration of the quantitative analysis and composition of the elements that were 
seen in the catalyst preparation. The iron, manganese, and oxygen are linked together as 
presented by the first sharp peak. In the second peak, aluminium is observed as an independent 
peak as in the catalyst formula. The manganese and iron peaks are dominating the spectrum as 
shown on the catalyst formula. 
 
 
Figure 4.5: SEM-EDX micrographs for the fresh Fe-Mn/ Al2O3 catalyst 
 
The XRD pattern shown in Figure 4.6 below is that of the fresh catalyst prepared. It was found 
to be amorphous and one sharp peak was observed which is linked with iron. These results 
conform with the SEM-EDS results where the catalyst structure was also found to be 
amorphous. In addition, Wang et al [160] observed amorphous structure for these elements in 






species may result in good results for synthesis [175]. This implies that the catalyst used in this 
study has the potential to yield good results in the production of polymer-based nanofillers.  
 




















Figure 4.6: Fe-Mn/Al2O3 catalyst XRD patterns  
 
Below is Figure 4.7 which outlines the Raman spectra of the Fe-Mn/Al2O3 that was conducted 
to determine the purity of the sample and also to complement the XRD analysis. In the results, 
it has been observed that the sample might have been agglomerated. This is confirmed by the 
absence of peaks hence the amourphous structure as can be seen below. The spectra have no 
peaks except for one sharp peak at wavelength zero, which might be a noise peak or due to 





























Figure 4.7: Raman Spectra of Fe-Mn/al2O3 catalyst 
 
Figure 4.8 shows TEM micrographs that were captured at different wavelengths to determine 
the particle size of the catalyst and ensure that it is measured at the nanoscale. TEM 
micrographs may be used to evaluate if good dispersion of particles has been achieved or there 
is the existence of agglomeration. In the current study, the micrographs show particles formed 
have hard surfaces on the exterior while the interior is seemingly brittle and powdery, which is 
a sign of good dispersion. Furthermore, the particle size (diameter) distribution was plotted 
based on the micrographs in the form of a diameter-frequency histogram. The diameter 
obtained from the catalyst nanoparticles was 162.7 nm. This diameter is very crucial in the 
synthesis of nanofillers as the particle size of the polymer nanofiller depends largely on the 












Figure 4.8: TEM micrographs for Fe-Mn/Al2O3 catalyst 
 
4.2.2 Characterization of Nanofillers 
 
Figure 4.9 below is representing TEM micrographs captured at 100 and 50nm resolution, 
coupled by a particle size data extracted from the micrographs. These micrographs are 
revealing a certain degree of agglomeration and the particles are as a result of primary particles 
that are held together by weak surface force such weak van der Wald forces [176]. The 
micrographs in Figure 4.8 (a) and (b) are demonstrating the development of MWCNTs with 
deep dark spots which might be due to Fe catalyst. They are also showing large tubes for PP 
and medium-sized tubes for HDPE that are entangled together with rough surface and defects 
thus, the average graphitization degree. Moreover, the diameters of the samples were ranging 
from 14 -19.28 nm. The diameter of the MWCNTs obtained using HDPE and PP was ~14.06 
and 19.42 nm, respectively. However, the length could not be determined due to the nature of 






















XRD characterisation of the synthesised materials  
Figure 4.9 below illustrates the XRD results of the nanofillers synthesized from HDPE and PP 
using Fe-Mn/Al2O3 catalyst. The diffractogram for HDPE has nine sharp and some broad peaks 
representing the degree of crystallinity and with mixed phases, while PP shows seven sharp 
and standard peaks with mixed phases and some with a single phase. HDPE diffractogram at 
2θ = 26.43 ̊, 31.25 ̊ and 36.03 ̊ shows the development of alpha-Manganese oxide (α-MnO2), 
corundum and graphite-3R associated with (003, 012& 220), (320) and (410) crystal phases. 
These crystal phases assigned to tetragonal and the rest are linked with hexagonal structure. 
Additionally, the PP diffractogram at 2θ = 26.43 ̊, 30.66 ̊, and 36.28 ̊ are showing the formation 
of galaxite, graphite-2H, and epilon-Al2O3 connected to cubic and hexagonal structure. The 
first peak on the PP diffractogram is normally found on carbon nanotubes and associated with 
graphite. These results depict the 2θ = 26.43 ̊, 30.66 ̊ corresponds to (002) planes which are 
normally found in carbon nanotubes and are associated with graphite. These results depict the 
transformation of carbon sp3 to sp2 at high temperatures [89, 177]. 
 
 
Figure 4.10: XRD patterns for nanofillers prepared from HDPE and PP 
 













































Figure 4.11 below is an illustration of full width at half-maximum (FWHM) HDPE, and PP 
material. FWHM is very critical in the analysis of XRD diffractograms. FWHM affects the 
crystallite size of the material indirectly. The FWHM was obtained from XRD analysis while 
the crystallite size was calculated from the Scherrer equation. The plot above accompanied by 
a table shows that the FWHM of the polymer nanofillers decreases with an increase in the 
crystallite size of the nanoparticles. These results are in agreement with the literature statement 
that FWMH deviates inversely with crystallite size, meaning as the crystallite size lessens the 
peak (diffractogram) is broadening [178]. The FWHM for HDPE was obtained at 2θ = 36,78 ̊, 
and it was found to be 1.26 cm-1, with crystallite size of 6.59 nm, while that of PP was observed 
at 2θ = 36.39 ̊ as 1.55 cm-1, with the crystallite size equals 5.37 nm. These results are 
contributing to the theoretical facts. Moreover, the crystallite size obtained and the periodic 
cycles displayed in Figure 4.7confirm Bragg's diffraction expression that the smaller the 
crystallite size the shorter the periodic cycles thus, the less perfect the Bragg diffraction [159]. 
 
 




26,0576 31,3221 36,7848 44,7716 55,3004 59,1947 65,0361
FWHM-PE 2,00 1,3396 1,2695 1,3396 1,3396 0,803 1,2088
FWHM-PP 2,8774 0,9754 1,5578 1,6595 0,803 1,6863 2,7836
CS-PE 2,83 6,16 6,59 6,41 6,69 11,38 7,79











































Raman spectroscopy characterization 
Raman spectroscopy characterization results of polymer nanofillers, which were synthesized 
from plastic waste; PP and HDPE using FE-Mn/Al2O3 as a catalyst are shown in Figure 4.11 
below. HDPE sample showed a broad peak at the wavelength of 672cm-1 which is attributed to 
weak C-C bonds [152]. None of the spectra is demonstrating the presence of radial breathing 
mode (RBM) which is observed between 100 and 250 cm-1and it is generally found in single-
walled carbon nanotubes (SWCNTs) [151, 152]. Furthermore, for both HDPE and PP samples 
three sharp peaks were observed at 1351.39 cm-1 and 1343.79cm-1 respectively. The first two 
peaks are associated with sp3atomic orbital of carbon. The other peaks were allocated at 
1581.52 cm-1 and 1573.92 cm-1 designated to the G-mode (sp2 atomic orbital of carbon) related 
to stretching motions of tangential C-C bonds. G-mode signifies stable C-C bond inside 
MWCNTs, while D-mode is an indication of graphitic structures or unstable C-C bonds [153, 
154]. The last peaks are found at the range of 2681.26 cm-1 and 2691.89 cm-1 for HDPE and 
these are assigned to the G’-mode (2G), a mode that is a fundamental property to nanotubes 
and graphite [154]. The third peak, G’- mode is confirming the presence of MWCNTs. The 
quality of carbon nanotubes produced is evaluated from the intensity ratio of D and G modes 
respectively [57, 154, 179]. The ID/IG ratios for both HDPE and PP was 0.85 and the higher 
intensity ratio is the implication for a higher quality of CNTs [75, 174]. Therefore, the results 
obtained signifies the high quality of MWCNTs as the ratio is the direct measure of sample 
purity. 







































The thermogravimetric analysis (TGA) 
The thermogravimetric analysis (TGA) was used to evaluate the degradation temperature of 
polymer nanofillers under nitrogen atmosphere and the rate of heating was 30℃/min. The TGA 
curve in Figure 4.12 demonstrates the degradation temperature and the quality of polymer 
nanofillers. The first stage of weight loss occurs at a temperature of ~ 500℃ that is linked to 
the degradation of amorphous carbon material and additional weight loss which takes place at 
~ 700℃ is attributed to the thermal decomposition of carbon nanotubes [180]. The 
thermograms above illustrate the degradation temperature of the different samples which 
ranges between 212– 624℃, which is an indication of low thermal stability and the average 
quality of all the PW samples. Moreover, the polymer nanofillers produced from HDPE, and 
PP wastes have the degradation temperatures of 335 and 212℃, respectively, which is an 
indication of poor thermal stability. Also, HDPE seems to be much stable when subjected to 
heat as opposed to PP. This might be due to the nature of the material used as a carbon source 
in preparing the polymer nanofillers as the plastic containers and bags were not pre-treated 
before use. Theoretically, to achieve high thermally stable carbon nanotubes the difference 
between the degradation temperature and the start and completion stage of decomposition must 
be minimal [66].  
 


























4.3 Phase 3: Synthesis of MWCNTs from PWs and characterization 
 
In this phase, the properties of the MWCNTs synthesized from PWs, in reference to 
commercial CNTs are discussed.  
 
Scanning Electron Microscope (SEM) Studies 
SEM images for all samples are shown in Figure 4.14 and Figure 4.15 below. Appendix A, 
Figure A1 (a) and (b) are SEM of the commercial CNTs that  are used as a reference point for 
the samples prepared from HDPE, PP and the hybrid. Figure 14.14 (a) and (b) show the 
micrographs of MWCNTs synthesized from HDPE in different magnitudes. This is observed 
as taking the spiral shape (green arrow) and rectangular shape (red arrow) with thick smooth 
walls (blue arrow). On closer inspection, it also has small foggy rounded substances which 
might be the traces of the catalyst. The results from PP synthesized MWCNTs has shown in 
Figure 4.14 (c) and (d), reveal intertwined strings (green) with thick (blue arrow) walls. In 
proximity, the strings are observed to be taking the shape of a chain in different directions (red 
arrow). Figure 4.15 (e) and (f) demonstrated a hybrid material, which also reveals growth of 
mixed size shreds of CNTs (red arrow) on a hard surface and some are covered by a hazy 
substance, which could be traces of Fe-Mn/Al2O3. 
 









Figure 4.13: SEM images of (c) synthesized MWCNT from PP captured at 200nm (d) at at 










Transmission Electron Microscopy (TEM) Studies 
With reference to appendix A, Figure A2 which display CNTs characterization results are , the 
morphology of the nanofillers, as observed by TEM were MWCNTs. The CNT sample on 
Figure A2 shows a network of long tubes with perfected walls with round ends. At a closer 
range, these tubes are thick (green arrow) with an average diameter of 15nm.These 
observations are related to the results of the synthesized samples. The TEM analysis presented 
in Figures 4.16 to 4.18 below is of nanofillers produced from plastic wastes, which confirm the 
initial observation of SEM results. All images demonstrated the formation of MWCNTs. Also, 
they displayed lattice fringes, which is an indication of high crystalline morphology. HDPE 
product showed was entangled on the image captured at 200nm, which might be due to traces 
of iron catalyst. The images captured at 50 and 20 nm confirmed with SEM images as it can be 
seen the spiral formation with a hollow core (green arrow). The rectangular geometry is 
confirmed again (red arrow). HDPE nanofiller was found to have an average diameter of 20nm 
and yet another indication of the formation of MWCNTs. Nanofillers from PP displayed thick 
interlinked chains (green arrow) with dark spots which could be traces of catalyst. When the 
images were taken at 20 nm, around structure like a woven ball was observed. The average 
diameter obtained was 30 nm. The hybrid synthesis showed an average diameter of 30 nm. The 
TEM images showed defects with catalyst, however, a high level of crystallinity which is due 
to lattice fringes is observed. Secondly, a mix of everything, that is interconnected chains 
formation (green arrow) and the woven ball structure which is associated with fullerene (red 
arrow) was also observed. The purified samples have shown an improvement in diameter when 








Figure 4.14:TEM image of nanofillers synthesized from HDPE 
 
 







Figure 4.16: TEM images of nanofillers synthesized from hybrid (mixture of PP and HDPE) 
 
X-Ray Diffraction (XRD) Studies 
The diffractogram illustrated in Figure 4.19 is of the nanofillers produced from PWs. The 
diffractograms are identified as a, b, c and d where a is HDPE, hybrid, PP and CNTs 
respectively.The XRD patterns showed most of the peaks are sharp and intense, which is an 
indication of high crystalline nature [174]. All the samples displayed sharp peaks associated 
with the formation of crystalline structure. These results confirm TEM results revealing 
crystalline morphology through lattice fringes. The diffractogram patterns shows the 
resemblance to that of CNTs in appendix A, Figure A3. The diffraction peak for CNTs was 
observed at 2θ = 25.68 ° and it is related to the diffraction peak at (002) of graphite framework. 
Also with reference to Figure A3, appendix A is a diffractogram also showing the same 
materials plotted individually. The diffraction lines of commercial CNT sample corresponding 
to (002), (004) and (110) were observable at 2θ = 25.68 °, 2θ = 52,98° and 2θ = 78.62 °, 
respectively. The diffraction lines for MWCNTs from HDPE on Figure 4.20 corresponding to 
(003) and (004) at 2θ = 26.43° and 36.77° reveal the formation of graphite-R and alpha-
Manganese oxide (α-MnO2). Furthermore, diffractogram of MWCNTs from PP as displayed 
on Figure 4.21 at 2θ = 26.04 ̊, 31.0 ̊ and 36.50 ̊ shows the development of corundum (Al2O3) 
and hercynite (Fe + 2Al2O3). Figure 4.22 is the hybrid diffractogram at 2θ = 26.26 ̊, 30.89 and 






for the MWCNTs synthesized from the plastic waste samples did not show the (002) peak. This 
peak is associated with the graphitic frame work [66]. This was ascribed to the formation of 
straight and less deformed nanotubes. According to Burian et al [181] and Reznik et al [182], 
less defect graphitized materials display less (002) diffraction peak [183]. The nature of the 
diffractograms in all samples is in agreement with literature statement that FWMH deviates 
inversely with crystallite size, meaning as the crystallite size lessens the peak (diffractogram) 
is broadening [178]. In this case, the FWHM increases as the crystallite sizes were lessens 
hence the sharp and intense peaks. 
 






































Figure 4.18: XRD patterns of synthesized HDPE 
 







Figure 4.20: XRD patterns of  synthesized Hybrid (mixture of HDPE and PP)  
 
Raman Spectroscopy Studies  
Raman spectra was utilized to determine the purity and graphitization of carbon nanotubes in 
Figure 4.23, 4.24 and 4.25 below. The D-band is observed at the wavelength of approximately 
1350 cm-1, which is attributed to amorphous or structural imperfections of carbon, whilst the 
G-band at approximately 1580 cm-1 is as the result of tangential vibration of the ordered carbon 
atoms [57, 152]. The G’ band is observed at the wavelength of approximately 2700 cm-1 
ascribing to the process of two-photon elastic. The ID/IG ratio is used as a measure of the purity 
of the CNTs produced i.e. the degree of graphitization defects. The lower ratio of ID/IG ratio is 
associated with a higher quality of CNTs [155, 174]. The ID/IG ratio for CNT with reference to 
appendix A, Figure A3 followed by Figure 4.22 of HDPE and Figure 4.23 of PP were found to 
be 0.86, 0.85 and 0.85 respectively. The results are in line with XRD results as the 
graphitization and defect ratios have 0.01 when compared to the commercial CNTs. The hybrid 
spectra in Figure 4.25 showed a first moderate peak at 202 cm-1, the second peak was at 435 






were broad peaks and observed at 1432 and 2668 cm-1 respectively. Other nanofillers were 
associated with MWCNTs based on Raman spectra and diameter, however, the same could not 
be said about the hybrid nanofiller. The peaks location and wavelength of the hybrid material 
resembles that of fullerene, C60 [184]. The structure of the hybrid material is crystalline, this is 
inline with the TEM results obtained in Figure 4.18, which displayed lattice fringes. The lattice 
fringes signifies crystalline structure [185]. Also, the aforementioned statement is confirmed 
by the presence of sharp peaks in XRD patterns, Figure 4.2. Moreover, the intensity ratio of 
ID’/IG is used to measure the layers of graphene contained in a particular sample, where 2 is 
related to monolayer, 0.07 to few layer and 0.98 to double layers [186]. In this case the ratios 















Figure 4.22: Raman Spectra of nanofiller synthesized from PP 
 
 






Thermogravimetric Analysis and Differential Scanning Calorimetry Study 
Figures 4.26, 4.27 and 4.28 below show the quality of nanofillers synthesized from plastic 
wastes compared to the commercial CNT sample in Figure A5, appendix A. The shape and the 
peak position of the sample in DSC are associated with the quality of the CNTs. Therefore, the 
narrow sharp peak is associated with the cleaner material [66]. On the results shown below in 
Figure 4.26, HDPE shows pure material with the peak positioned at 360℃ and a weight of 
99.5% followed by a sharp and a bit broader peak of PP at the 380℃ in Figure 4.27 and 99% 
weight while the hybrid is at 600℃ and 100% in Figure 4.28 on the other hand, the commercial 
CNTs showed no peak at this stage. These results are confirming XRD, TEM, SEM and Raman 
results except for Raman spectra for the hybrid material since it has shown traits of fullerene 













Figure 4.25: TGA and DSC of nanofiller synthesized from PP 
 
 






Lastly, as shown in Figure 4.29 below that TGA was utilized to evaluate the thermal stability 
of MWCNTs synthesized from plastic wastes against the commercial CNTs. According to 
Shokry et al. [180], the degradation temperature of amorphous carbon material occurs between 
~500 and ~700 ℃. The results obtained show that CNT was consistent from ~200℃ to 500℃ 
degrees then at ~600℃ it went up and stopped at 790℃ which signals heat resistance. The 
HDPE proved to be thermally stable as opposed to other PP and the hybrid. It started at ~ 461℃ 
gradually and from 540 to 791℃ it was constant with no weight loss. The hybrid sample was 
not resistant to heat as it extremely lose weight without any stage and stopped at 783℃. Finally, 
the PP started changing at 350 then 495℃ and the reaction stopped at 790℃. Therefore, 
commercial CNTs displayed thermal stability as opposed to synthesized materials. MWCNTs 
produced from PP are the least resistant to heat followed by the hybrid material and HDPE 
MWCNTs are the most stable. 
 
































In cocluding of chapter 4, it was discovered that nanofillers could be developed from plastic 
wastes. The morphology of nanofillers synthesized from all the PW materials were found to 
have crystalline structure through XRD. This was confirmed by the formation of lattice fringes 
on TEM images. Through the use of Raman spectra, SEM and TEM, the HDPE and PP 
nanofillers were found to be in resemblance MWCNTs while the hybrid nanofiller is associated 
with fullerene, C60. The HDPE MWCNTs was found to possess qualities of a thermally stable 
material as opposed to PP and the hybrid. Also, its stability was close to that of commercial 
CNTs. Moreover, when looking at the intensity ratios of the materials, they were found to be 
of relatively good quality. On DSC results, the nanofillers were also found to possess a certain 
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The synthesis of plastic waste to develop nanofillers in the presence of Fe-Mn/Al2O3 catalyst 
showed that PP, HDPE and the mixture of the two wastes can be used as carbon source to 
produce nanofillers. The nanofillers obtained were analysed prior to and after purification using 
TEM, SEM-EDS, TGA-DCS, Raman and XRD. The study carefully reflected on the research 
questions, problems, motivation, set aim and objectives. Based on the research questions and 
results obtained from the current study, the following conclusions were drawn: 
 
• The two synthesized catalysts Fe-Mo/Al2O3 and Fe-Mn/Al2O3 were both obtained at 
nano level with Fe-Mo/Al2O3 being the most popular combination for nanocarbons as 
it is often appearing in various research studies. The Fe-Mn/Al2O3 has been used on 
reduction, oxidation, hydrogenation and neutralization studies. The later combination 
was chosen for this study because there are few publications if any where it has been 
utilized for the synthesis of nanofillers or nanocarbons. The bimetallic catalyst 
supported on aluminium has proven to be suitable to produce nanofillers. This was 
confirmed by preparing and using the catalyst for the purpose of the current study. The 
catalyst particle size was found to be a nanoparticle as observed on TEM images. Its 
morphology was amorphous with the composition that resembles the predicted design 
as iron was observed to be linked with manganese and aluminium as the independent 
peak. In observing the results of the entire study, it is fair to conclude that the Fe-
Mn/Al2O3 is a good catalyst combination that could be used regularly in the synthesis 
of nanofillers. 
• The ordinary plastic bags (HDPE) with no further treatment required and margarine, 
ice cream and yoghurt containers (PP) with their coding removed and washed off 
organic waste, proved to be useable as carbon source for the synthesis of nanofillers. 
TEM images revealed the formation of nanofillers with a particle diameter that is 
between 14.06 to 19.42 nm roughly for all materials. This study could contribute a lot 
in reducing plastic wastes if implemented. 
• The synthesized nanofillers were characterized using TEM, Raman, TGA-DSC and 
XRD to study the properties of the nanofillers. The particle diameters obtained were 






impure samples and after purification the samples particle diameters increased, and the 
range was 20 to 30 nm and the commercial sample was 19.3 nm. The TEM results 
indicated that MWCNTs are the possible type of nanofillers produced from the plastic 
wastes. This was confirmed by Raman spectrum, which displayed D, G and G’ mode 
and the absence of radial breathing mode (RBM) was observed. This further proves the 
formation of MWCNTs as the RBM is regularly observed in the range between 75 and 
300 cm-1 and it signifies the presence of Single-Walled Carbon Nanotubes (SWCNT) 
[151, 171]. The intensity ratio ID/IG ratios was 0.85 for the PW synthesized MWCNTs 
while the commercial CNTs were 0.86. The synthesized samples were of high quality 
with 0.01 error to the commercial CNTs. The XRD results confirmed Raman results in 
purity of the sample whilst complementing TEM results on the structure and 
morphology of the materials. The structure of the MWCNTs was found to be crystalline 
structure through XRD. This was confirmed by the presence of sharp peaks and TEM 
images agree with conclusion of crystalline structure as they showed lattice fringes. 
Lattice Fringes are observed when the morphology of the CNTs is crystalline. The 
synthesized MWCNTs were tested on heat resistance and they are declining as 
compared to the commercial CNTs.  
• The commercial CNTs properties have similarities with the MWCNTs produced from 
plastic wastes. These materials were found to differ in purity with 1% error. The 
structures and morphologies of these materials are comparable as they were found to 
be crystalline and they revealed lattice fringes. They differ by the planes in the structural 
orientation. The MWCNTs synthesized from plastic wastes showed low thermal 
stability as opposed to the commercial CNTs. 

















It is recommended that  
• Catalyst kinetics be studied to observe the amount of unreacted catalyst and also 
investigate the rate of decomposition of the catalyst. 
• BET be used to determine the actual porosity of the material produced and the catalyst. 
• Catalyst be prepared with different preparation methods and be calcined at different 
temperatures to observe the changes it might bring in the product as there are less 
research studies that are using the catalyst combination for production of nanocarbons. 
• In future studies, the synthesis with this catalyst be conducted at different temperature 
ranges and the gases be alternated accordingly. 
• Varying reaction conditions be tested to control the product. 
• The application of the plastic wastes MWCNTs in water treatment, material 
modification and medicine be studied. 
• There should be monitoring and testing of the exhaust gases during synthesis 
 
The use of different purification methods is also recommended to get the best product. 
Finally, it is recommended that upscaling the process be tried and also financial study 






















Characterization of Commercial Carbon Nanotubes 
 
 








Figure A2: TEM images of  Commercial CNTs 





















Figure A3: XRD patterns of Commercial CNT 
 










































Figure A4: Raman Spectra of Commercial CNT 
 











The following mass was weighed for each compound: 
Fe(NO3)3.9H2O = 5.0g 
Al(NO3)3.9H2O =10.0g 
Mn(NO3)2 .4H2O = 2.50g 
(NH4)6Mo7O24.4H2O = 2.50g 
 
Molar Mass 
Fe(NO3)3.9H2O = 404.0g 
Al(NO3)3.9H2O = 375.13g 
Mn(NO3)2 .4H2O = 251.0g 
(NH4)6Mo7O24.4H2O = 1235.9g 
 
Moles for each Element 




     = 0.0124 𝑚𝑜𝑙 
 




     = 0.0267 𝑚𝑜𝑙 
 
𝑚𝑜𝑙𝑒𝑠 𝑀𝑛 2.50𝑔 ×
1𝑚𝑜𝑙 Mn(NO3)2 .4H2O  
251.0 𝑔Mn(NO3)2.4H2O
 
     = 9.960𝑥10−3 𝑚𝑜𝑙 
 
𝑚𝑜𝑙𝑒𝑠 𝑀𝑜 2.50𝑔 ×
1𝑚𝑜𝑙 (NH4)6Mo7O24.4H2O  
1235.9 𝑔 (NH4)6Mo7O24.4H2O
 
     = 2.05590𝑥10−3 𝑚𝑜𝑙 







Fe = 6.0, Mo = 1 and Al= 13  
∴ Ratio = 6:1:13 
 
Fe-Mn/Al2O3 
Fe = 1, Mn = 1 and Al= 3  













Phase1: Figure A1 (d) Fe-Mo/Al2O3 prepared by deionized water (aqueous sol-gel) method 
 
 








Phase1: Figure A2 (d) Fe-Mn/Al2O3 prepared by deionized water (aqueous sol-gel) method 
The particle size was obtained via imageJ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
